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iSommario
Il presente lavoro di tesi analizza un particolare dispositivo per lo scambio di calore e
massa (Heat and Mass Transfer Device) chiamato Pulsating Heat Pipe (PHP). Dopo
aver descritto il principio di funzionamento di tale dispositivo ed aver evidenziato le
differenze rispetto ad altri dispositivi bifase, si e` condotta una accurata analisi biblio-
grafica dei principali risultati ottenuti in analisi sperimentali e numeriche, disponibili
nei lavori piu` significativi, tentando di delineare un possibile approccio metodologico
alla progettazione. Nella seconda parte del lavoro e` invece esposta una attivita` di
progettazione, realizzazione e sperimentazione di un particolare dispositivo in grado di
funzionare in condizioni di microgravita`, condotta nell’ambito di un progetto studen-
tesco chiamato PHOS project (Pulsating Heatpipes Only for Space). Tale progetto
ha portato alla sperimentazione di due PHP a bordo di un razzo sonda (REXUS -
Rocket Experiments for University Students), capace di raggiungere 100 km di apogeo
e simulare 120 secondi di microgravita`. Correlatamente al razzo sonda, una campagna
di test, a terra e a bordo di un volo parabolico, e` stata condotta. Dallo studio sui
dispositivi e` emersa una notevole disponibilita` di risultati sperimentali tuttavia non
facilmente interpretabili, correlabili e quindi utilizzabili al fine di ampliare gli strumenti
progettuali. L’approccio utilizzato spesso e` quello di provare un singolo dispositivo
nella sua specifica applicazione anche se, in realta`, una conoscenza piu` approfondita
del fenomeno di base sarebbe necessaria. L’attivita` delineata dallo specifico progetto,
data anche la definizione abbastanza precisa delle condizioni operative, ha messo in
evidenza alcune buone caratteristiche del dispositivo PHP che lo rende interessante
nello specifico ambito di applicazione in microgravita`. Le sperimentazioni oggetto
del presente lavoro, non permettono, dati i ridotti tempi di microgravita`, di trarre
conclusioni definitive senza prima aver condotte le stesse in condizioni piu` stazionarie.
La progettazione di un nuovo test-rig compatibile con la piattaforma presente a bordo
dell’ISS e` oggetto dell’ultima parte del lavoro.
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Abstract
This thesis examines a particular device for Heat and Mass Transfer called Pulsating
Heat Pipe (PHP). After describing the working principle of this device and after
highlighting the differences compared to other two-phase devices, a thorough literature
review was conducted. Using the major achievements in experimental and numerical
analysis, available in the most significant works, this review try to find a possible
methodological approach to the design of a PHP. In the second part of the work
it is instead exposed a design, construction and testing of a particular device can
function in micro-gravity. In the second part of the work it is instead exposed a design,
construction and testing of a particular device can function in microgravity. This
activity was conducted as part of a student project called PHOS project (Pulsating
Heatpipes Only for Space). This project led to the experimentation of two PHP aboard
a sounding rocket (REXUS - Rocket Experiments for University Students), capable of
reaching 100 km apogee and to perform 120 seconds of microgravity. Correlatively to
the sounding rocket, a test campaign, on ground and on board a parabolic flight, it was
conducted.The study on the devices revealed a significant availability of experimental
results, however, not easy to interpret, not easily correlated and therefore not very
useful. The approach which is found is to try a single device in its specific application
even if, in reality, a more thorough understanding of the basic phenomenon would
be necessary. The activities outlined in this specific project, also given the fairly
precise definition of operating conditions, it has highlighted some good features of PHP
device that makes it interesting in the specific field of application in microgravity.The
activities outlined in this specific project, also given the fairly precise definition of
operating conditions, it has highlighted some good features of PHP device that makes
it interesting in the specific field of application in microgravity. The experiments
described in this work, do not allow, given the short time of microgravity, to draw
definitive conclusions. The design of a new test-rig compatible with this platform on
the ISS is the subject of the last part of the work.
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The increasing demand of devices able to remove localized heat has in the past accelerate
the evolution in the design of the Passive Two-Phases Heat and Mass Transfer devices.
Since the 60s several geometries, working fluids structures have been proposed; new
types of devices, such as capillary pumped loops and loop heat pipes, were introduced.
In the 1971 the first pulsating heat pipes was described as such in the former USSR
by Smyrnov G. F. and Savchenkov G. A. and in the 1990s Akachi et al.[1] engineered
this concept. It was considered to have excellent application prospects in areas of solar
energy utilization, waste heat recovery, aerospace thermal management and electronic
cooling.
Since then, theoretical and experimental activity, led to highlight the high correlation
between parameters influence and also the complexity of the physic phenomena. During
the years, several researchers have investigated thoroughly the operation of the PHP1.
A knowledge of the phenomenon, was already being developed thanks to the work
of several researchers; Yuwen Zhang and Amir Faghri, in the article ”Advances and
Unsolved Issues in Pulsating Heat Pipes” in 2008, collected data from about fifty
experiments showed the basic correlations and open issues. Although some researchers,
such as Karimi[2], Faghri[3], Groll[4] and Khandekar[5], have sought through targeted
experiments to highlight the correlations of this device, yet to date various aspects of
PHP are still open.
Currently, from a literature analysis, what can be stated is that:
 A lot of experimental activity produced data which are not well related, therefore
is not easy to be used to generate correlations;
 Most of the works focus on the device as a single application and not with the
aim of understanding the phenomenology;
 The mixed numeric/experimental approach produced correlations that in most




That highlight the needs to focus the experimental analysis on exact aims.
After these premises, the work subject of this thesis, also developed as part of a
student activity, PHOS project, seeks to focus attention on some of the issues previously
raised by the analysis of particular devices. The work also exposes some of the details
associated with the activity of the PHOS project and what is related to it, like a
parbolic flight campaign, some ground test and thanks to the data obtained, the design
of a new test-rig.
In detail, the thesis is divided into three basic parts:
[Part I] Heat and Mass Transfer Devices: This part focuses on the description of the
devices belonging to the family of Passive Two-Phases Heat and Mass Transfer,
trying to explain the basic principles of operation, the limitations and their
application areas;
[Part II] Pulsating Heat Pipes: In this part the Pulsating Heat Pipes is presented, in
details:
In Chapter 2 the device is described in its characteristics and properties.
The advantages that characterize the device are also explained;
In Chapter 3 the working principle of the PHP are reviewed. The variables
and the parameters that affect the performance of PHP are explored;
The Chapter 4 focuses on several keystone works that led to highlights some
particular characteristics of the PHP;
In Chapter 5 conventional and non conventional application are reviewed;
[Part III] Results from experimental activities: That part focuses on activities carried
out under the experimental project mentioned above and its correlated activities.
Also the design of the new test-rig, consequently to the results obtained, is
illustrated in detail.
In Chapter 6 the PHOS project is illustrated and the results are discussed;
In Chapter 7, after the apparatus description, both ground and flight test
results are discussed;
In Chapter 8, thanks to the results obtained in the activities mentioned
above and thanks to the literature review, the new test-rig design is discussed.
Part I




Classification of heat and
mass transfer devices
In the classification of the Heat and Mass Transfer devices, a first distinction, which
characterizes the approach, is between active and passive devices. The device is
considered active if, to performs the heat and mass transport requires external power
or if is possible to change the operative condition with an electrical/electronic control.
If this is not possible, it can be considered Passive. In this work, only Passive devices
will be discussed.
A classification, made by Dobriansky[6] is helpful to understand the differences between
the various type of Passive Heat and Mass Transfer devices.
In Figure 1.1 on page 6 the classification is reported. The main differences that are
possible to notice are, the presence or not of a vapor phase, and the looped or not
geometrical configuration.
Pulsating Heat Pipe (PHPs) is part of the Closed Loop Two-Phases devices (also open
loop PHP exist, but with worse performance), referring to the Figure cited above, as the
devices (c) and (e). This classification include a lot of different devices and, due to the
fact that inside of this particular type of heat transfer devices a evaporation/condensing





In Table 1.1 on the next page can be noticed that the PHP and the Wick Heat Pipe
use both the capillarity to lead back the liquid to the evaporator, also if they are very
4
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Method Devices
Gravity Thermosyphons
Capillary Force Wick Heat Pipes, Pulsating Heat Pipes
Electrokinetic Force Electrodynamic Heat Pipes
Centripetal Force Rotating Heat Pipes
Osmotic Force Osmotic Heat Pipes
Magnetic Force Magnetic Fluid Heat Pipes
Table 1.1: Liquid return methods classification.
different devices. Before making a brief review of the various devices and their features,
it is good to highlight commonly shared aspects.
In all these devices, there is non one that can be identified as the best of all. It is
paramount to understand the context of use of the device and the aims. For instance:
the device that result as the best for temperature equalization is not the same that
can maximize the specific heat flux. The best device for the heat flux is not the fastest,
therefore is not the best for system that need a fast response. There are devices
capable to run changing the working condition as temperature range or gravity field or
inclination, and other devices that work better but only in a small range of conditions.
There are devices that capable to fit strange geometries and devices that can work in
micro-gravity environment. As summary, before starting the design of an Heat and
Mass transfer device, the context and the aim of the application need to be very clear.
Among these devices, it can be in certain cases, of particular interest, the use of
Pulsating Heat Pipes.
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Figure 1.1: Heat and Mass transfer devices classification made by Dobriansky[6]:
(a) Self-acting liquid circulation loop.
(b) One-phase flow loop without a partition.
(c) Two-phase loop with a liquid heat transfer agent and circulation accelerated with
vapor bubbles (thermosiphon with a bubble lift).
(d) Two-phase circulation without a partition and condensate return caused by gravi-
tation (two-phase thermosiphon – gravity heat pipe).
(e) Two-phase circulation loop, with vapor heat transfer agent and condensate return
caused by gravitation (two-phase thermosiphon – gravitational channel heat pipe).
(f) Heat pipe with porous filling or with small grooves on the inner surface, without a
partition (HP).
(g) Heat pipe with porous filling or with small grooves on the inner surface, with a
partition (LHP).
(h) Two-phase flow loop with vapor heat-carrier, employing centrifugal forces to affect
condensate return (rotating heat pipe);
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PHP, as discussed in detail in Part II, is frequently approached and compared both
to Wick Heat Pipes and to the Loop Heat Pipes. Like this devices, the PHP incurs in
similar limitations, due both to the fluid characteristics and to the device’s geometry.
The following pages contain a brief overview of the devices that are more similar to
the PHP.
1.1 Wick Heat Pipe
Figure 1.2: Heat pipe
schematic.
A typical closed HP1 consists of a sealed pipe, with
a wick inside, made of a material that is compatible
with the working fluid such as copper or aluminum.
Typically, a vacuum pump is used to remove the air
from the HP, than the HP is partially filled with a
working fluid and finally sealed. The working fluid
mass is chosen so that the HP contains both vapor and
liquid over the operating temperature range. Filling
ratio is the fraction (by volume) of the HP which is
initially filled with the liquid. There are two oper-
ational filling ratio limits. At 0%, the HP, transfer
heat only by conduction, obtaining high equivalent
thermal resistance. A 100% fully filled HP is identical
in operation to a single phase thermosyphon.
1.1.1 Limitations on heat transport ca-
pacity
Heat pipe performance and operation are strongly dependent on shape, working fluid
and wick structure. Certain HP can be designed to carry a few watts or several
kilowatts, depending on the application. The effective thermal conductivity of the HP
will be significantly reduced if heat pipe is driven beyond its capacity. Therefore, it is
important to assure that the heat pipe is designed to transport the required heat load
safely. But during steady state operation, the maximum heat transport capability of a
HP is governed by several limitations, which must be clearly known when designing a
HP. In literature can be found that(Reay et al.[7], Manimaran et al.[8]), as show in
Figure 1.3 on the following page, there are five primary heat pipe transport limitations:
1heat pipe
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Figure 1.3: Heat pipe know limits.
Viscous limit
Viscous force will prevent vapor flow in the heat pipe. This causes the heat pipe to
operate below the recommended operating temperature. The potential solution is to
increase the heat pipe operating temperature or operate with an alternative working
fluid.
Sonic limit
Vapour will reach sonic velocity when exiting the heat pipe evaporator resulting at a
constant heat pipe transport power and large temperature gradient. The main reasons
are the power and the temperature combination. In other words, the heat pipe is
due operating at low temperature with too much of power. This is usually a normal
problem during a start-up. The potential solution for this limitation is to create large
temperature gradient so that the heat pipe system will carry adequate power as it
warms up.
Entrainment limit
This is where high velocity vapour flow prevents condensate vapour from returning to
evaporator. The main reason is due to low operating temperature or high power input
that the heat pipe is operating. To overcome this, the vapour space diameter or the
operating temperature is increased.
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Capillary limit
It is the combination of gravitational, liquid and vapour flow and pressure drops
exceeding the capillary pumping head of the heat pipe wick structure. The main cause
is that the heat pipe input power exceeds the design heat transport capacity of the
heat pipe itself. The problem can be resolved by modifying the structure design of the
heat pipe’s wick or reduce the power input.
Boiling limit
It is described as a film boiling in a heat pipe evaporator that typically initiates at 5-10
W cm=2 for screen wick and 20-30 W cm=2 for powder metal wicks. This is caused by
high radial heat flux. It will lead towards film boiling resulting in heat pipe dry-out
and large thermal resistances. The potential solution is to use a wick with a higher
heat capacity or spread out the heat load.
1.1.2 Real limitation and Common utilization
(a) Notebook Heat Pipe; section (b) Galaxy S7;
Figure 1.4: Heat Pipe examples.
Wick Heat Pipe, is the most diffuse heat pipe, is common to find one or two HP2 in
Notebook, and systems of several HP (up to 10) in the desktop computer. In the last
two years even cellphones started to use HP. Actually the real limitation of the Heat
Pipe is given by the working fluid as reported in Table 1.2 on the next page. Due to the
fact that each fluids is compatible only with few material (oxidation, permeability, etc..)
Another limitation is inherent in the design of the heat pipe. Since the relationship
2Heat Pipe
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Medium Melting point Boiling point Useful range
(C°) (C°) from (C°) to (C°)
Helium -271 -261 -271 -269
Nitrogen -210 -196 -203 -160
Ammonia -78 -33 -60 100
Pentane -130 28 -20 120
Acetone -95 57 0 120
Methanol -98 64 10 130
Flutec PP2 -50 76 10 160
Ethanol -112 78 0 130
Heptane -90 98 0 150
Water 0 100 30 200
Toluene -95 110 50 200
Mercury -39 361 250 650
Caesium 29 670 450 900
Table 1.2: Experimental temperature range for heat pipe (Reay et al[7]), Boiling point
at atmospheric pressure
between length and width of this device is very high, it is capable of performing a heat
balance only along its path. If you need to balance a surface this device will not be the
most suitable, instead a vapor chamber or a PHP would works better. In literature
and also in the industry is possible to find device with outer diameter from 3 to 15




Thermosyphons, also called CLTPT3[9] or CTPT4[10]
in case a loop is not present, represents a particular
version of heat pipes. They have a lot of technical
applications due to their simplicity, high heat transfer
capability, and passive operation. These systems work
under gravity with the condenser above the evaporator
and do not require pump or capillary action of a wick
structure to allow the heat transfer fluid to be returned
to the evaporator. Unlike the Wick Heat Pipe, the
Thermosyphon cannot work under a contrary heat
3Closed Loop Two Phase Thermosyphons
4Closed Two Phase Thermosyphons























































ò H2O 32 cm P amb
ì H2O 28 cm P amb
à H2O 25 cm P amb
æ H2O 20 cm P amb
Figure 1.6: Results of the author bachelor thesis experimental analysis.
flux; a device with this property is defined a thermal
diode.
Bachelor thesis That device was analyzed during
the bachelor thesis of the author. In Figure 1.6 the Bubble Pump Index is reported for
various filling ratios. Also this device show the limitations reported for the heat pipe.
A minimum power for the startup, a maximum mass flow due to fluid dynamics and a
dry-out effect due to the Critical Heat Flux on the evaporator surface.
1.2.1 Flow pattern
This device can work in several ”mode”, strictly related to the surface specific heat
flux and the channel diameter, in Figure 1.7 on the next page shows 4 different flow
pattern (RED is vapor BLUE is liquid) :
(a) Bubble flow: There is a continuous liquid phase, and the gas phase is dispersed
as a bubble within the liquid continuum. The bubble travel with a complex
motion within the flow may be coalescing and are generally of non-uniform size.
(b) Slug flow: This flow regime occurs when the bubble size tends toward that of
the channel diameter, and characteristic bullet-shaped bubbles are formed.
(c) Annular flow: This configuration is characterized by liquid travailing as a film
on the Channel walls, and gases flowing through the center. Part of the liquid
can be carried as droplets in the central gas core.
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Figure 1.7: Flow regime in the uprising channel.
(d) Mist flow: in which the velocity of the continuous gas phase is so high that it
reaches as far as the tube wall and entrains the liquid in the form of droplets.
That kind of flow pattern occur usually in this succession, from Bubbly to Mist flow,
with the power increasing. After the Mist flow usually a dry-out can occur, this is an
extreme condition of an heat pipe and can determine a drop of the heat flux capability
of the thermosyphon. This phenomena can occur in any type of heat pipe.
1.2.2 Common applications
Several engineering applications are possible for CLTPT such as solar water heaters,
geothermal systems, emergency cooling systems in nuclear reactor cores, electrical
machine rotor cooling, gas turbine blade cooling, and thermoelectric refrigeration
systems together with conventional applications of thermal control. Figure1.8 shows an
experimental setup for a CLTPT capable of 1,7 kW. These applications cover a wide
range of power from ten of MW of Nuclear Reactors down to few W in case of electronic
equipment applications. The two-phase loop thermosyphons, especially for low power
applications (below 1 kW of heat input), are of particular interest in connection with
the development of environmental systems in which the correlation of mass flow rate
and heat flow rate is important: among the others solar collectors, photovoltaic modules
cooling systems, heat exchangers for geothermal systems and thermal control system
devices. In the last years it is of particular interest the connection of CLTPT and solar
collectors. In particular glass heat pipe solar collectors are becoming very popular for
heating water production because the overall performance is higher than the one in
conventional single-phase systems.
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Figure 1.8: CLTPT experimental setup.
1.3 Pulsating Heat Pipes
Pulsating Heat Pipes can be described as a multi-evaporator closed loop thermosyphon,
with the particularity that, the channel internal diameter is small enough to be
considered capillary. Not to be confused with the capillarity of the Wick Heat Pipe,
in this case that phenomenon don’t leads the fluid back to the condenser but, makes
possible the formation of a series of slug and plug that, working as piston, moves the
fluid inside the device. The name ”Pulsating” is due to the characteristic circulatory
movement of the fluid. As will be later explained in fact, there is not always a preferred
direction of movement. As other devices, PHP with the same fluid inside, can works
in very different way only by changing the heat flux magnitude or distribution on the
evaporators. Also the inclination angle or the gravity magnitude showed a big influence






Figure 2.1: PHP patent, Akachi
The increasing demand of devices able to
remove localized heat has in the past accel-
erate the evolution in the design of the heat
pipes. Since the 60s several geometries,
working fluids and wick structures has been
proposed; new types of heat pipes, such as
capillary pumped loops and loop heat pipes,
were introduced, seeking to separate the
liquid and vapor flows to overcome certain
limitations inherent in conventional heat
pipes. In the 1971 the first pulsating heat
pipes was described as such in the former
USSR by Smyrnov G. F. and Savchenkov
G. A. (see USSR patent 504065, filed Apr.
30, 1971). In the 1990s Akachi et al.[1]
engineered this concept (see patent US 4921041 (Figure), filled May 1, 1990).
Pulsating heat pipes, like conventional heat pipes, are closed, two-phase systems
capable of transporting heat without any additional power input, but they differ from
conventional heat pipes in several major ways. There are two types of Pulsating Heat
Pipes, however, this discussion refers only to the most widely used, the Closed Loop
Pulsating Heat Pipes.
PHP1 is a very simple device built by a tube, usually metallic and round shaped,
bended forming a closed loop with several U-turns, than the device is evacuated by a
1Pulsating Heat Pipes
15
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vacuum pump and after filled with the working fluid. By the description there are not
difference with a thermosyphon or Closed Loop WickLess Heat Pipe (CLWLHP). To
be described as a PHP the device need to have a combination of working fluid, and
inner diameter (or cross section) that satisfy the Bond condition. Henceforth several
nomenclatures will be used.
D Internal diameter ∆Tx Spatial temperature variation(X)
b Tube thickness ∆Ty Spatial temperature variation(Y)
L Length in X direction V Bubble velocity
ρl liquid density Q˙in Heat flux input
ρv vapor density ~g Gravity field magnitude
σ Surface tension Bo Bond number




(ρl − ρv)~g D2
4 σ
< 2
The meaning of this equation is in-deep explained in the section 3.4.2, however when
the Bond number is less than 2, also without any heat flux, in the PHP a pattern of
vapor plugs and liquid slugs is present.
This is the main difference between a PHP and a Closed Loop Two Phase Ther-
mosyphon with multiple evaporators. A PHP can work as a thermosyphon in some
conditions. A Pulsating Heat Pipes working as a Thermosyphon it’s called Hybrid
Thermosyphon, this concept will be clarified in section 3.4.4 on page 36.
As the evaporator section of the PHP is heated, the vapor pressure of the bubbles
located in that section will increase. This forces the liquid slug toward the condenser
section of the heat pipe. When the vapor bubbles reach the condenser, it will begin to
condense. As the vapor changes phase, the vapor pressure decreases, and the liquid
flows back toward the condenser end. In this way, a steady oscillating flow is set up in
the PHP. Boiling, the working fluid will also cause new vapor bubbles to form. The
unique feature of PHP, compared with conventional heat pipes, is that there is no wick
structure to return the condensate to the heating section, and therefore there is no
countercurrent flow between the liquid and the vapor. Due to the simplicity of the
structure of a PHP, its weight, on parity of power, is lower than that of conventional
heat pipe, which makes PHP an ideal candidate for space application.
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Figure 2.2: Pulsating Heat Pipes schematic.
In the PHP, 3 different section can be recognized. Looking at Figure 2.2 the three
sections from the bottom are:
Evaporator (Red) Where the Q˙in heat flux is absorbed, in the evaporator section, from the
fluid by latent heat of evaporations and, sometimes, by specific heat of the vapor
for an overheating. This is the hottest part of the PHP;
Adiabatic (White) That section called adiabatic usually is not, but thermal losses are
usually contained to a negligible amount;
Condenser (Blue) By condensation and subcooling, the fluid relies Q˙out in the condenser
section. That is the coolest part of the device.
As example, on a satellite, the evaporator woulds be place on electronics to be cooled,
while the condenser placed on the external radiating panels. For an electronic cooler
that part usually are finned and air cooled.
In the PHP it is possible to define two temperature differences.
∆Tx will be the difference between condenser and evaporator, this number is usually
used to define the equivalent thermal resistance.
∆Ty is the difference between the coolest and hottest points in the condenser or in the
evaporator. Smaller this number greater is the PHP capability of equalization.
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2.1 Thermodynamic Principles
Figure 2.3: Thermodynamics of a PHP[4].
Heat addition and rejection and the
growth and extinction of vapor bubbles
drive the flow in a PHP. Even though
the exact features of the thermodynamic
cycle are still unknown, Groll and Khan-
dekar [4] described it in general terms us-
ing a pressure/enthalpy diagram as seen
in Figure 2.3. The temperature and vapor
quality in the evaporator and condenser
are known, or can be assumed, so the
state at the outlets of the evaporator and
condenser are known. Starting at the evaporator inlet, point A on the P-h diagram,
the processes required to get to point B on the diagram can be simplified to heat
input at a constant pressure combined with isentropic pressure increase due to bubble
expansion. As one travels through the adiabatic section from the evaporator to the
condenser, the pressure decreases isenthalpically. The thermodynamic process between
the condenser’s inlet and outlet are complicated, but can be simplified to constant
pressure condensation with negative isentropic work. An isenthalpic pressure drop in
the adiabatic section completes the cycle. Because of the numerous assumptions made
in this description, thermodynamic analysis is insufficient to study PHP.
2.2 Fluid Dynamic Principles
Fluid flow in a capillary tube consists of liquid slugs and vapor plugs moving in unison.
The slugs and plugs initially distribute themselves in the partially filled tube. The
liquid slugs are able to completely bridge the tube because surface tension forces
overcome gravitational forces. As Faghri et al.[3] explained there is a meniscus region
on either end of each slug caused by surface tension at the solid/liquid/vapor interface.
The slugs are separated by plugs of the working fluid in the vapor phase. The vapor
plug is surrounded by a thin liquid film trailing from the slug. Figure 2.4 on the
following page shows the control volume for one liquid slug in a PHP and the forces
acting on it. Motion of the ith liquid slug within the PHP with an inner diameter of D








where mli ,vli , and Lli are the mass, velocity and length of the i
th liquid slug,
respectively. The difference between vapor pressures of the ith and the (i + 1)th vapor
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Figure 2.4: Liquid slug in a PHP.
plug, pvi − pv(i+1), are the driving force for the oscillatory flow. The shear stress, τ ,
depends on whether the liquid flow is laminar or turbulent.
2.3 Heat Transfer Principles
In order to properly evaluate total heat transfer in a pulsating heat pipe, the radial
heat transfer between the pipe wall and the working fluid, the evaporative heat transfer,
and the condensation heat transfer must all be considered. As the liquid slugs oscillate,
they enter the evaporator section of the PHP. Sensible heat is transferred to the slug
as its temperature increases, and when the slug moves back to the condenser end of
the PHP, it gives up its heat. Latent heat transfer generates the pressure differential
that drives the oscillating flow. The phase change heat transfer takes place in the thin
liquid film between the tube wall and a vapor plug and in the meniscus region between
the plug and slug, which requires complex analysis. Karimi et al.[2] tried to explain
the performance of the PHP using lumped parameters. Referring to Figure 2.5 on the
next page can be stated that the resistance of a PHP is composed of five components
from the evaporating to the condensing end:
Rwall two conductive thermal resistance in the wall;
Revap thermal resistance due to the evaporation;
Rcond thermal resistance due to the condensation;
Rl−v thermal resistance along the heat pipe
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Figure 2.5: Components of the resistance of a typical Heat pipe[2]
Figure 2.6: Components of the resistance of a typical PHP. In this representation Reva
and Rcond are included in Rl−v
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The heat transfer capacity can be calculated through the following equation. Were
∆T is the overall temperature difference along the heat pipe, keff and Leff are the










A properly mounted PHP introduce very small contact resistances. The conductive
thermal resistance in the wall is also negligible. Both contact and conductive resistances
are almost independent of the heat pipe operating temperatures. Therefore, the thermal
resistances due to the evaporation in the evaporator, Revap, two-phases flow along
the heat pipe, Rl−v, and the condensation in the condenser, Rcond, are critical to the
performance of the heat pipes. Considering the range of thermal resistance from the
heat source to the heat sink, Karimi et al.[2], stated that the total thermal resistance
for a typical PHP is estimated to be in the range of 3, 29 ∗ 10−4K m=2 W=1 and
2, 10 ∗ 10−3K m=2 W=1. The consideration made by Karimi leads to results of a good
approximation, however, would be more correct, given the presence of often more
evaporators in thermal contact with each other, the parallel/series scheme shown in
Figure 2.6. However that scheme don’t take in account the capacities that characterize
the transient of a PHP. More complex model use capacities for the wall and for the
evaporator or condenser masses. In modeling literature are present model of different
type from lumped parameter to the Artificial Neural Network, for details refer to the
chapter 3.5 on page 36.
2.4 Advantages
Wick heat pipes are, to date, the most diffused heat transfer two-phases device, however
there are reasons that keep the scientific research on PHP still active, as example:
 FLEXIBILITY Having not a wick structure inside, as for the common heat
pipe, and using more passages on the evaporator section, a PHP with the same
performance of an HP use tubes of smaller diameter. That lead to obtain a more
flexible device. That is an huge advantage in the assembly procedure on not
planar surface;
 TEMPERATURE EQUALIZATION The heat transfer, as for the HP, occur
along the tube path. Having a planar geometry the PHP is able to equalize
temperature not only along a path but also on a surface, as example a square
plane, referring to Figure 2.3 on page 18 ∆Ty will be small. As reference the
result of a parabolic flight campaign by Mangini et al. [11] were different patterns
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of heat flux are imposed on the evaporator or the spreader designed by Yang et
al.[12].
 PRODUCTION Composed only by a bended wickless tube, the PHP don’t
needs chemical or mechanical procedures in the inner diameter to obtain the
wick.
 FOLDABILITY As example, Yang et al.[13], realized a foldable device to test
the influence of this geometric transformation.
Pulsating heat pipe, in some conditions, and for particular applications obtain
better performances compared with other two-phases heat transfer devices. A small
summary in Table 2.1 on the following page.
2.5 Device overview
The PHP performance results from a combination of parameters as the working fluid,
the inner diameter and heat input distribution and magnitude. The PHP appear as
promising device with preferable target, which the space field (thus in the presence of
micro-gravity), where are functional. It also shows how they are not suitable to be used
to follow loads with rapid changes, they are in fact more slow in activating compared
to Wick Heat Pipe. However, in case of the need to remove heat from large surfaces, or
in the need to equilibrate the temperature on the surface, these devices appear to be
the most suitable. When exist the need to remove heat from more different points, the
PHP show results better than the heat pipe especially working as Multi Evaporator
Closed Loop Two Phases Thermosyphon.
For the performance distribution can be stated that exist a strictly correlation
between the working fluid, the geometry variable, and the environment conditions. As
will be explained in the following chapter, the strongest correlation is between the
working fluid and the internal diameter.







































































































































































































































































































































































































































































































































































Figure 3.1: Example of a Pulsating Heat Pipe schematic with asymmetric evaporation
section.
As mentioned before, the PHP is a passive heat transport device, it works without
any need of electronic control or devices as valves or pumps. The PHP is a tube,
generally with a circular shape, of capillary dimension, first evacuated and then filled
with a working fluid. The fluid create a pattern of liquid slugs and vapor bubbles in
the channels.
Conventional heat pipes can work even in absence of gravity but they are subject
24
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to capillary and entrainment limits which restrain the maximum heat input that can
be transported. Thermosyphons are wick-less, gravity driven systems which work well
only vertically or in near-vertical orientation.
Pulsating Heat Pipes offer the advantages of simple construction and potentially
operation in any orientations. The basic flow mechanism has been observed to be the
oscillating movement of the fluid produced by liquid-vapor phase change in a closed
tube with a capillary inner size diameter. Self-sustained oscillatory two-phase flow
in PHP is attained as a result of the strong thermo-hydrodynamic coupling which
has been observed to affect the operation and the thermal performances of such devices.
As shown in Figure 3.1 on the previous page, in a simplified scheme, in the PHP,
also in standby mode, vapor and liquid, plug and slugs are present. This pattern
of phases is possible thanks to the equilibrium between the forces applied on the
working fluid inside the PHP, both surface and volume forces. To achieve self-sustained
two-phase flow in a PHP, capillary-sized channel are needed. To define a tube as
capillary, a combination of geometry, fluid properties and environment conditions are
needed.
3.1 Internal physical phenomena
Figure 3.2: PHP Pressure-Enthalpy
Diagram.[2]
As heat is applied on the evaporator, the
working fluid evaporates causing an in-
crease of vapor pressure inside the tube,
in this way the bubbles in the evapora-
tor section grow pushing the liquid to-
wards the condenser. The condenser cools
the fluid, the vapor pressure decreases
bringing collapse of bubbles. This pro-
cess between evaporator and condenser is
continuous and the temperature gradient
between those two sides defines a non-
equilibrium pressure conditions, which
results in an oscillating motion within
the pipe. Certainly heat is absorbed through the latent heat in vapor bubbles and
transported by the liquid slugs. It’s possible to summarize those processes looking
at the PHP Pressure-Enthalpy Diagram made by Karimi and Culham[2] in Figure
3.2. While PHP is not working, the liquid and gaseous phase of the working fluid
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Figure 3.3: Internal fluid equilibrium
exist in equilibrium at a saturation pressure, represented by point A as the average
thermodynamic state within the system. During operation the heat transfer at the
evaporator section makes the bubbles to continuously grow and shift the thermody-
namic state from point A to point B, which is characterized by higher temperature
and pressure; this moves the liquid columns towards the condenser. At the same time
the condenser, located on the opposite side of the PHP, further enhance the pressure
difference forcing point A to move to point C at lower temperature and pressure. The
section between the evaporator and the condenser is adiabatic, here there is a roughly
isenthalpic pressure decrease. The combined effect results in the development of a
non-equilibrium conditions between the driving thermal potentials, in which the system
tries to stabilize the internal pressure. Due to the inner-connections of the tube, the
motion from the liquid slugs and the vapor bubbles at condenser of one section leads to
the motion of slugs and bubbles in another section near the evaporator; the interaction
between driving and restoring forces gives rise to the oscillations of slugs and bubbles
in the axial direction. Unlike traditional heat pipes, it’s not possible for operating
PHP to reach steady-state pressure equilibrium. That condition only occurs with the
dry-out, a condition due to the overheating.
3.2 Fluid dynamic principles
A close-up on a typical liquid slugs and vapor plugs structure oscillating inside a
PHP channel, shows the processes in terms of forces, heat transfer and mass transfer
occurring between bubbles, slugs and walls. These are fully described in the scheme of
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Figure 3.3 on the preceding page. The meniscus is the interface between the vapor
bubbles and liquid slugs and is formed due to surface tension forces. The buoyant
ascent of vapor bubbles causes a film of liquid to fall around them, down the walls of
the pipe, thus separating the vapor bubbles from tube walls. As can be seen, heat
exchanges ”Q˙” occur axially from vapor and liquid outward, but also, fewer, axially.
The liquid slugs and vapor plugs experience internal viscous dissipation as well as wall
shear stress ”τ” as they move in the PHP tube. The liquid slugs and vapour plugs are
subjected to pressure forces ” ~Fi” from the adjoining plugs. When a gas bubble travels
in the evaporator zone, mass transfer ”m˙” occurs from the surrounding liquid film and
the adjoining liquid plugs to that bubble; this effect increases the instantaneous local
saturation pressure and temperature and provides the pumping work to the system.
The reverse processes (mass transfer from the vapor bubbles to liquid slugs) happens
in the condenser.
3.2.1 Dimensionless numbers criterion
In literature several dimensionless number were proposed in order to characterize the
capillary phenomena.
Bond number
The bond number, defined by the following equation, is the ratio between gravitational
force and surface tension forces. That number is used as indicator to understand if,
thanks to the surface tension, confined bubble can occur in the device. From literature
two different numbers are defined. Harmathy [14] and White et al. [15] proposed
as limit Bo < 2, Bretherton [16] Bo < 1.84. The validation of this criterion will be
discussed in the experimental results chapter.
Bo =
√




The Weber number is the ratio between inertia and capillary forces, it aims to represent
the interaction between vapor and liquid phases and therefore, as Hinze state [17], it
should be properly defined using the difference between the averaged liquid velocity





Gu et al.[18] proposed a limit of 4.
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Garimella number
In 2010 Harirchian and Garimella [19] developed a new transition criterion based on
the fact that bubble confinement depends on channel size and on the mass flux since
the bubble diameters varies with the flow rate. Using FC-77 flow visualizations, they
divided their experimental values into two groups: confined and unconfined flow. This
transition is represented by the equation:







Bo0.5 × ReLO is called by Harirchian and Garimella [19] ”convective confinement
number”. When Ga is equal to 160 the threshold between micro and macroscale
occurs.
3.3 Vapor bubbles morphology
Figure 3.4: An image and an interpretative diagram of a Taylor bubble of air, of length
L b = 0.051m ascending a cylindrical pipe of internal diameter d = 0.019m
Gas bubble, also known as ”Taylor bubble”, has a typical morphology shown in
figure. The bubble can be divided into four regions:
 an approximately hemispherical, or prolate-hemispheroidal nose;
 a body region surrounded by a falling liquid film;
 a tail region of variable morphology, which may be hemispheroidal, flat or concave;
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 a wake, which may be open and laminar, closed or turbulent.
The body region can be subdivided in two parts:
 the upper part, where the developing film is accelerating and thinning;
 the lower part, where the forces acting on the film are in equilibrium and the
film has constant thickness ”λ”.
Figure 3.5: Vapour plug shape that change meniscus shape during reverse flow direction
Ste´phane[20] using a transparent Pulsating Heat Pipes shows, in Figure 3.5 the different
meniscus shape during the change of velocity direction. The difference between the air
bubble and the vapor plug in capillary channels can be noticed on the tail meniscus,
in that case the surface tension force is preponderant, and there is only a curvature.
3.4 Analysis of the influence of parameters
3.4.1 PHP variables and parameters
Before starting the review of the results, it is necessary to clarify what should be the
premise in the design of such devices. The PHP has so many project variables related
between them that, to be able to perform a quick analysis, it is convenient to define
the difference between design parameters and variables.
Parameters should be defined before starting a design. In consideration of this, variables
can be optimized.
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 Design parameters
Temperature range ( that define the working fluid)
Heat source/es distribution
Heat flux
Relative position of evaporator and condenser






Several parameters can influence the PHP performances. It is possible to distinguish
between geometry, fluid and operation parameters. These categories are not isolated
and the same performances are possible with more than one combination of that. In
detail that three categories are:
 Geometry parameters of the PHP such as the inner diameter, the cross
section shape, channel configuration, length of evaporation and condensation
section, number of turn, asymmetry, ect.;
 Physical properties of the working fluid such as surface tension, latent heat,
viscosity and other thermodynamic and hydrodynamic properties;
 Operations parameters as the charge ratio, specific heat flux, gravity force
magnitude and orientation, external forces.
3.4.2 Influence of geometry parameters
Inner diameter
Inner diameter is a parameter which closely relates to the definition of the PHP. A
PHP is not a thermosyphon when that diameter is ”capillary”. As described, normal
operation of the PHP is based on the oscillation motion of vapor slug and liquid plugs
whether the vapor slug and liquid plugs can be formed in the PHP on the ratio between
gravity and surface tension, as indicated by Bond number in Equation 3.4.
Bo =
√
(ρl − ρv)~g D2
4 σ
(3.4)
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Several researchers, as example Zhang et al.[21], Cai et al.[22], Groll et al.[23], experi-
mentally verified the tentative criterion that if:
Bo ≤ 2 (3.5)
the influence of surface tension of the working fluid would be stronger than that of the
gravity. In this condition the pattern of plugs and slugs can be formed in the pipe.
The suggested value of ”2” is not the only one that can be found in literature, but the
most common. Also ”1.84” was proposed by Bretherton [16].




(ρl − ρv) g (3.6)
Also, if density and surface tension of the working fluid are dependent on temperature,
this analysis can be done using data at operative temperature. That correlation
indicate a maximum inner diameter, but it doesn’t means that if lower is the inner
diameter, better will the PHP works. As for the weak heat pipe, the frictional resistance
considerably increase with the decrease of the inner diameter. As Qu et al.[24] suggest




(ρl − ρv) g ≤ D ≤ 2
√
σ
(ρl − ρv) g (3.7)
In literature there are several examples that show how the thermal resistance increase
whit the lowering of inner diameter. However, currently, there is not an accurate
analysis to optimize the inner diameter.
From experimental data, it can be seen that the inner diameter has a great impact
on the heat transfer performance of PHP. When the inner diameter of PHP is small,
the frictional resistance of the working fluid is very large, and greater heat flux is
needed to maintain the oscillation motions of the working fluid. Meanwhile, the impact
may be coupled with other parameters, such as the charge ratio and the properties of
working fluid. The conclusions about the influence of the inner diameter on the heat
transfer performance of the PHP under one testing condition may not be successfully
transplanted to other testing conditions. Apart from the results obtained from the
experimental investigation, there are still few theories or correlations available to
predict the influence of the inner diameter quantitatively. Furthermore, the coupling
effect of other parameters with inner diameter in PHP has not been fully revealed yet.
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Cross-section shape and channel configuration
Figure 3.6: Planar PHP Cross-section of
Cai et al.
As said in the PHP first description, usu-
ally this device have a circular cross-shape
section. When that section is not circular,
such as rectangular or triangular, the an-
gled corner can change the flow patterns.
Locally, in the edge corner, the hydraulic
diameter appear very small and the cor-
ner works as a weak structure, leading
the fluid back to the evaporator. Due to
this consideration Cai et al.[25] presented
a novel planar design of PHP. Test prototype fabrication was initiated by making
dual-radius serpentine channels, and then compressed the copper tube into the micro-
grooves structure as show in Figure 3.6. This kind of approach increase the hydraulic
diameter and then, consequently, decrease the thermal resistance, without losing the
capillary effect benefit. The results demonstrated that the planar PHP provided high
effective thermal conductivity. The existence of the micro-grooves structure increased
the supply of liquid working fluid at the evaporation section and significantly reduced
evaporation section temperature fluctuation.
Number of turns
Analyzing the geometry of the PHP, also without calculations, is possible to notice that
in the ”U” turns the pressure losses are more considerable than that in the straight
tubes. This effect is due to the turn and also to the non perfect circular cross-section
shape created during the bending. The number of turns, so, significantly influences the
internal pressure distribution and the heat transfer characteristics of the PHP. This
assumption doesn’t means that a device with few turns works better than one with
more. It exists a minimum number of turns that can provide a stable circulation. In
literature several number of U-turns are tested, as the table in Appendix A on page 97
shows. In literature the minimum number of turns to obtain a stable PHP is not clear,
but it goes from four to seven turns.
Asymmetry of the heat flux
The fact that the circulation phenomena is driven by the different physical condition
between the parts of the PHP, lead the research to test asymmetric disposition of the
evaporator. As example Mangini et al.[11] tested a PHP with 5 curves and 5 different
heater, placed in asymmetric position (not in the curve). The asymmetry let to move
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the medium speed of the fluid in one direction, obtaining a smaller equivalent resistance
and a more stable circulation.
3.4.3 Influence of physical properties of working fluid
As for the geometric parameter, the physical properties of the fluid can effectively
change the performances of a PHP. To select an excellent functional fluid, the first
step is to know the operative temperatures; after that, with a cross-refer search, look
for the best fluid physical properties, such as the surface tension and wettability,
latent heat, specific heat, viscosity etc., that have profound effects on the heat transfer
performances of the PHP.
Surface tension
The static contact angle of the working fluid on tube wall is a constant value and
can be calculated, while the dynamic contact angle depends on the characteristics
of oscillation of the working fluid. The dynamic contact angle changes within an
range when the working fluid is oscillating in the pipe, so the oscillation motions of
the working fluid will be affected by the capillary resistance. On the one hand, the
capillary resistance is in proportion to the surface tension. As a result the working
fluid with larger surface tension has larger capillary resistance. On the other hand,
the working fluid with higher surface tension will increase the critical diameter of the
PHP according to equation 3.6 on page 31, leading to the enlargement of the allowed
extent of the inner diameter for PHP and relative better performance of PHP because
of lower friction resistance when the inner diameter is larger. The actual influence of
the surface tension on the heat transfer performance of PHP is the trade-off of these
two aspects.
Latent heat
A lower latent heat will be beneficial to help the bubbles generating and rupturing
more quickly, as well as shorten the startup time of the PHP. When the latent heat
of the working fluid is low, lower superheat of tube wall can start the PHP. So it is
suggested that when the heat flux is very low, the working fluid with lower latent heat
is desirable.
However, when the heat flux is very high, the latent heat becomes the dominant part
of the heat transfer process, so the working fluid with higher latent heat can dissipate
more heat from the evaporation section.
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Temp Press ∆Hev ρl ρv γ DBo,range
°C Mpa kJ/kg kg/m3 kg/m3 mN/m mm
Water
from 30 0,004 2429 995 0,03 71,19 5,40 – 1,89
to 200 1,55 1939 864 7,86 37,67 4,24 – 1,48
FC-72
from -20 0,002 105 1780 0,41 15,82 1,90 – 0,67
to 60 0,11 82 1613 14,9 8,1 1,44 – 0,50
Ethanol
from 0 0,0016 943 806 0,032 25 3,56 – 1,24
to 130 0,57 742 675 8,75 9,39 2,40 – 0,84
Ammonia
from -60 0,021 1441 713,6 0,2125 55,05 5,61 – 1,96
to 100 6,25 715 456,6 56,11 5,159 2,29 – 0,80
Acetone
from -50 0,003 606 865 0,01 33,77 3,99 – 1,40
to 100 0,372 448 693 7,8 13,17 2,80 – 0,98
R134
from -80 0,0036 249,7 1529 0,234 24,1 2,54 – 0,89
to 50 1,31 151,8 1102 66,2 4,89 1,39 – 0,49
Table 3.1: Most used fluids principal properties
Specific heat
When the heat flux input to the evaporation section is very low, the majority of the
heat is dissipated by the sensible heat. The specific heat also closely relates to the heat
capacity of working fluid.
Viscosity
It is easy to understand that the working fluid with lower viscosity is a better choice
for the PHP. A low dynamic viscosity will reduce the shear stresses in the channel and
decrease the pressure losses. This will reduce the required heat flux to maintain the
oscillation motion.
Thermal conductivity
The effect of thermal conductivity of the working fluid on PHP is not only reflected
on the temperature distribution, but also the response time of PHP. Larger the
thermal conductivity is, faster the heat can transfer in the PHP. Furthermore, it can
also decrease the temperature difference between the evaporation section and the
condensation section.
Common used fluids
During the years the researchers selected and focused on few, very promising fluids.
As can be noticed in the research resume, summarized from Table A.1 on page 98 to
Table A.6 on page 103 , water, ethanol, methanol, acetone and FC-72 are the most used.
In the table 3.1, for the common used fluids, the main properties are shown, the last
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column show the maximum and minimum diameter according to the Bond criterion
explained in 3.4.2 on page 30. Find the most suitable fluid is not an easy and univocal
task, it depends from the boundary conditions, the working environment and other
parameters such as stability, fast start-up capability, etc. As an example Ammonia is a
very interesting fluid at low temperatures, with great physic characteristics; increasing
the temperature, unlikely, it generate an huge equilibrium pressure, up to 60 bar at
100°C. Considering the toxicity of Ammonia for humans and for the nature that fluid
is not used in normal environments.
In the appendix B on page 104 a more detailed table compare more fluids and
properties, as an example in the last 3 columns the critical diameters are calculated in
three different gravity conditions:
 Dg Ground condition on Earth g = 9,81 m s
=2;
 Dg/10 Gravity divided by 10;
 Dg/100 Gravity divided by 100.
3.4.4 Influence of operational parameters
Charge ratio or Filling ratio
Charge ratio is defined as the ratio of working fluid volume to the total volume of the
PHP. Due to the fact that the relative amount of liquid plugs and vapor slugs depends
on the charge ratio, the charge ratio has a significant influence on the performance of
PHP. If the charge ratio is too low, on the one hand, there are too many vapor slugs in
the PHP and it is very hard to sustain the stable vibration; on the other hand, the heat
capability of the PHP is also limited, and the phenomenon of dry-out occurs easily. If
the charge ratio is too high, there are few vapor slugs in the pipe, which causes the
driving force of the working fluid decreasing and the operation of PHP will be very
difficult. When the charge ratio equals to one, the PHP would become a tube full of
working fluid (Closed Loop Single Phase Thermosyphon), in this case only sensible
heat transfer of the working fluid and tube wall, could be applied to dissipate the heat.
As summarized in Table A.1 on page 98 in the appendix, a selection of the past study
on the PHP, highlights that most of the work focuses on a filling ratio in the range
between 40% and 60%. However, there exists an optimal range of the charge ratio for
PHP, in which the PHP shows better performance than that beyond or over this range.
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Inclination angle and gravity
From the above contents, it can be seen that if the inner diameter of a PHP satisfies
Eq.3.6, the impact of surface tension of the working fluid will be stronger than the
gravity. However, the gravity still has significant influence on the heat transfer per-
formance of PHP. The research methods utilized to investigate the influence of the
gravity can be classified into two groups: one is by changing the inclination angle of
the PHP and the other is by changing the gravity field (an experiment in micro-g
environment is described in chapter 7). When the inclination angle is changing, the
influence of the inclination angle on the heat transfer performance of the PHP is very
obvious. Generally speaking, the PHP with the inclination angle of 90° showed better
performance than the PHP with other inclination angle. Under this condition, the
gravity helped the working fluid to oscillate in the PHP.
These researches were often conducted through parabolic airplanes. In literature is
possible to find works that studied the heat transfer performance of a PHP in high
gravity field (1–20 g) and reduced gravity field (0.01 g). The experimental results
suggested that PHP was capable of operating in reduced gravity field. The researches
reported the positive impact of reduced gravity field on the heat transfer performance
of PHP. Furthermore, the researches about the heat transfer characteristics of three-
dimensional PHP may provide an efficient method to weaken the influence of the
inclination angle or the gravity on the PHP.
3.5 Analytic correlations and models
Many simplified approaches have been attempted which may be categorized according
to the simplification scheme adopted.
Khandekar et al.[5], in the 2003, summarized the existing models as:
 Type I: comparing PHP action to equivalent single spring-mass-damper system;
 Type II: kinematic analysis by comparison with a multiple spring-mass-damper
system;
 Type III: applying conservation equations of mass, momentum and energy to
specified slug–plug control volume [26, 27];
 Type IV: analysis highlighting the existence of chaos under some operating
conditions [28]
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 Type V: modeling based on Artificial Neural Networks, wherein an ANN ar-
chitecture is trained to predict performance with the available experimental
database [29].
Additionally to that models, in the past years, thanks to the increasing computational
power, also CFD1 and VOF2 models are developed. Due to the high complexity of
the phenomena and to the very strong thermo-hydrodynamic coupling governing the
thermal performance, the CFD or VOF approach, with the actual computational
power, it appears as not a fast design tool. Each model made some assumption and
simplification, usually the simplest are the models, the stronger will be the limitations.
The models present in literature can be classified with this criterion:
 Adimensional number correlations can be useful to provide prevision of
performance (only in the range of tuning and with a lot of limitations), an
example is the model discussed in the next page;
 Simplified physically based models are based on the main phenomena occur-
ring in the device. These models are usually appropriate for very simple geometry
problems. Lumped parameters models are also present in this category. These
models, applied on the PHP, can give a first approach design. VOF approach,
due to the assumption and limitation made (non compressible fluid, neglected
fluid sub-cooling, nucleate boiling not considered);
 Advanced physically based models try to take in account any not negligible
physical phenomena occurring inside a PHP. CFD with a Direct Numeric Solve for
all the turbulence scales, compressible fluids etc. can be considered an advanced
model.;
 Mathematical model such as artificial neural network or genetic algorithm,
use the physic only as limiting parameter. That models can be used both for
prevision (small range) or to find correlations between parameters.
1Computed Fluid Dynamics
2Volume Of Fluid
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Figure 3.7: Comparison of the Khandekar[5] correlation with the experimental data.
Semi-empirical models, shown a good approximation in the performance prevision,
however, that models are correlated to specific fluids and geometry combinations. As an
example Khandekar et al.[5] realized a semi-empirical model, fitted on the experiments
of Charoensawan et al.[30]. As can be noticed in the Figure 3.7, the model is very
accurate for R123, contrary for ethanol the real power can be up to 200% of the
calculated. The consideration that this model is valid on the data with which it was
built, lead to state that this approach is limited to conditions similar to those of the
model.
Chapter 4
Experimental results from the
literature
4.1 Chapter structure
From a detailed analysis of the literature it can be stated that, the quantity of
articles concerning the PHP begin to be a significant number, however, it seems to be
missing,especially in recent years, literature concerning the basic phenomenon. The
most of the articles focus on a specific devices design and the correlation between
parameter are not clear. Wanting to take a summary of the topics covered and the key
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(a) Experiment set-up of Charoensawanm ex-
periment
(b) Long PHP with 1,8m of distance between
evaporator and condenser.
(c) Performance of a Flexible PHP (courtesy
of Yang et al.)
(d) Spreader test-rig setup(courtesy of Yang
et al.)
Figure 4.1: Various experiments related to geometric variable
4.2 Geometry influence
Charoensawanm et al.[30] tested 6 different PHP ( 1 and 2 mm of diameters and
7, 16 and 23 turns ). As expected, for all configurations, except for the water in the
cases with internal diameter of 1 mm, the increase of the curves produces an increase
in heat throughput. In Figure 4.2 on the next page the problem with water is quite
evident, as for the general statement. That experiment give an output both on number
of curves and internal diameter.
Should be noticed that the smaller diameter (according to the criterion of Bond number
in the range of 0,7 to 2) result, for the water, from 1,8 to 5,4 mm.
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Figure 4.2: Results from Charoensawan[30] on diameter and number of turns.
Yang et al [12] built and tested a thermal spreader (180X120X3mm) engraving on
it once a PHP structure of 40 parallel channels with a square cross-section (2X2mm),
and once making 66 parallel channel with a cross-section (1X1mm). The working fluid
was ethanol. The study compare different heat flux, filling ratio and orientation for
both the PHP. Detailed view in Figure 4.1d on the preceding page.
Arab et al.[31] tested the longer PHP (see Figure 4.1b on the previous page) in
literature. From the results is possible to affirm that this device worked with filling
ratio of 70% better than with 50%, however an equivalent thermal resistance is not
reported.
Yang et al.[13] built and tested a flexible PHP, showing that, as noticeable in
Figure 4.1c on the preceding page, for low power input the performance are worst
increasing the bending angle. That effect is not present with higher flux.
From the reviewed experiments can be stated that:
• [n] the number of U-Turns on the evaporator. When that number became small,
less than 5, the stability of the device start to decrease. Recurring dry-out or circulation
stop can occur. That tendency appear confirmed from several researcher, however,
exist a combination of [n] and particular internal channel shape that move this limit to
a smaller number, 3. It’s not clear if a maximum number of turns exist. Unfortunately,
the minimum number does not seem to be well defined, since the circulation is also
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correlated to the positioning of the heat flow. It was pointed out that an asymmetry
in the heating can also make functional ”critical” PHP.
• [D] the internal diameter, in the case of round cross-section. In this analysis only
the circular cross-section devices are considered, in the prospective of an economic
device, the use of grooved surface, triangular, trapezoidal cross-section tube appear not
convenient. This parameter is strictly correlated to the used fluid and to the operative
conditions, as an example the gravity field. The Bond number criterion, explained in
section 3.4.2 on page 30,
• [L] the length of the devices, refer to figure 2.2 on page 17, in the case of space
application, will be 10 times the order of the major part of the literature. There are
only two articles about long PHP ,as an example the reported solar collector. New
experiments are needed in order to confirm that possibility. With the actual knowledge,
the PHP seems applicable only in small satellite, like cubesat and so on.
4.3 Fluids
Each working fluid have a best combination of design parameters (Diameter as example)
and also a temperature working range, as for the wick heat pipe (Table 1.2 on page 10).
From very low temperature (5-30 K) using Helium or Hydrogen (Deng et al.[32]) to
High temperature (500 K) Hu et al.[33] using Mercury, combination of fluid, material
and geometry are tested.
4.3.1 Fluid properties
Cai et al. [34] built a PHP made out of copper and had an evaporator in the
middle with a condenser on either end. Water, acetone, ethanol, and ammonia were
used as working fluids, with charge ratios ranging from 40–80%. Working fluids with
lower latent heats had larger gradients for the temperature difference between the
evaporator and condenser as a function of heat input, but the amplitude of temperature
fluctuations is smaller, and the frequency of the fluctuations are higher. Therefore,
fluids with low latent heats are recommended for PHP to promote oscillatory motion.
Charoensawanm et al.[30] tested 3 different fluid with several geometry high-
lighting the problem occurring with the use of high surface tension fluid in small
channel.
Khandekar et al. [35] exposed that, for the water, the highest heat flux is obtained
with 35% of FR but the smaller equivalent thermal resistance with a FR of 15%. The
CHAPTER 4. EXPERIMENTAL RESULTS FROM THE LITERATURE 43
(a) Test-rig for the Hydrogen PHP. (b) Result of the Hydrogen PHP (Deng et al.)
(c) Fluids comparison, Khandekar et
al.
(d) Fluids comparison, Khandekar et al.
Figure 4.3: Various experiments related to fluids properties
CHAPTER 4. EXPERIMENTAL RESULTS FROM THE LITERATURE 44
(a) Fluids comparison; (b) Water
Figure 4.4: Filling ratio influence analysis, Khandekar [35].
(a) Maximum heat load; (b) Minimum thermal resistance
Figure 4.5: Filling ratio influence analysis, Yang[36].
FR also modify the frequency of pulsation and so the circulation stability. This means
that each device need to be tested to optimize the performances.
Yang et al.[36] tested two PHP with 40 turns and internal diameter of 1 or 2 mm.
Filled using R123. The PHP evaporator is composed by a Thermocoax wire rolled-up
on the turns.
4.3.2 Filling ratio [FR]
As specified, each fluid have a ”best” filling ratio, however the literature evidenced
that the performances to be maximized are several. For instance , maximum heat
flux, circulation stability or the smallest equivalent resistance can be the goal of the
designer. Interesting works made by Khandekar et al.[35] and Yang et al.[36], also
cited above in the fluid paragraph, highlight how each fluid have a best filling ratio
function of the aim of the device.
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From the reviewed experiment can be stated that:
• [Fluid] The project working range usually select a group of fluids that fit the
request, in this group a fluid with high specific heat is desirable due to the fact that,
thanks to the under-cooling in the condenser, a lot of power is exchanged by sensible
heat. At the same time a fluid with low latent heat is desirable in order to improve the
bubble growing and so, the pumping power. The balance between surface tension and
dynamic viscosity define the minimum heat power to maintain a pulsating motion.
• [FR] The main outcome from the reviewed works is that, in the need of a fast
start device, capable to obtain a low equivalent resistance at low power, a FR smaller
than 45% is preferred. In the need of maximize the heat flux a bigger FR obtain better
results. In any case over 70% of FR the performance decade.
4.4 Operative condition
4.4.1 Heat sources position
The final purpose of the research is to optimize a new device able to perform an heat
transfer. Contrary to the wick heat pipe, the location of the hot sources can change
the performances of the PHP.
Mangini et al.[37] compared two configuration of a 5 U-turns Pulsating Heat Pipes.
The comparison is between symmetric and non symmetric evaporator section. The
experiment highlighted a strongest circulation in the asymmetric configuration.
Mangini et al.[11] using a 5 U-turns PHP with asymmetric evaporator position was
tested under a non uniform heat flux. The results highlight how the non uniform heat
flux distribution can improve the circulation an so the equivalent thermal resistance.
In the order to thermally control electronic devices with different power appear a
promising application. In the case of planar heat dissipation, the heat flux tends to be
more equal distributed, losing that advantage.
4.4.2 Micro and Hyper gravity
Most of the articles analyzes the PHP at normal condition: ambient temperature, stan-
dard gravity, stationary conditions. In the past 5 years non conventional applications
became the subject of interest for the scientific community.
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(a) Equalized heat distribution (b) Scaled heat distribution
Figure 4.6: Effect of the asymmetry on the heat flux distribution
(a) ESA Large Diameter Centrifuge (b) Experiment setup
Figure 4.7: PHP in hyper-gravity proposed by Mameli et al.
• Gravity Acceleration different to the standard, tested on the PHP, produced
very interesting results. Results from 0 to 1g exist only for short periods of time (less
then 100 seconds) and from 1 to 20g longer test were performed. With a gravity greater
than the standard (up to 6g), if in the tube direction, improve the PHP performance (it
start working as a closed loop thermosyphon). Instead, with the gravity normal to the
PHP plane, the opposite effect is obtained. These studies are interesting regarding the
application of the PHP between the lithium cell of an hybrid car (Burban et al.[38])
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From the reviewed experiment can be stated that:
• [Heat distribution] It is necessary to point out that often from the articles is not
easy to extrapolate important data.
As an example in the articles, sometimes, also if the specific heat flux is specified, the
definition is not clear. To characterize the physical phenomena, the heat flux between
the fluid and the wall should be used as reference and not the one calculated on the
external surface.
• [Gravity magnitude] Changing the gravity magnitude the same device can change
the working mode. An interesting application appear to be the use of device with
internal diameter grater than the critical one on ground condition. The derived device,
called Hybrid Thermosyphon or Space PHP appear to take the advantages from the
CLTPT and from the PHP working as a Thermosyphon also without the gravity
leading back the fluid to the evaporator.
Some experiments confirmed that, for planar designed PHP, the performances
in micro-gravity condition are the same of the device placed in horizontal position.
This means that, for this kind of devices, the experimentation in micro-gravity is not
necessary.
4.5 Numerical analysis of PHP
As specified in the previous chapter, is possible to identify different approaches to the
numerical model of the PHP.
The first models created, are based on open loop PHP, as the Figure above, and
are model based on the physic. That assumption generate simplified model, but
assume that the circulation doesn’t exist. As the experimental analysis highlighted,
the circulation, can improve the PHP performances. With the increasing number
of experimental works, different models were approached; semi-empirical, lumped
parameter, and in the past years CFD1 and VOF2.
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Figure 4.8: Dobson scheme
(a) Model results
(b) Experimental results
Figure 4.9: Comparison of experimentally determined thrust curve with the model, (b)
is the thrust for the first 5 s of (a) but on a larger time-scale, and (c) is the thrust for
the time period of 20 to 25 s of (a).
Dobson[39] realized a model, based on a single turn open loop oscillating heat pipes,
appear to be a first approximation of what goes in the PHP. Because of the seemingly
random and aperiodic behaviour (of for instance the position of the liquid plug xp
relative to its initial position in the open oscillatory heat pipe) a times series analysis
was used by Dobson and the Lyapunov exponents calculated.
Referring to Figure 4.10 on the following page, three types of one-dimensional control
volumes are used to theoretically model the physical behaviour of the oscillatory heat
pipe. A control volume representing the vapour bubble entrapped in the closed end,
a control volume representing a liquid plug moving back and fourth at the open end,
and an annular control volume representing the thin liquid film deposited on the inside
surface of the pipe by the trailing end of the liquid plug.
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Figure 4.10: Dobson chaos theory evaluation
To evaluate the model the chaos theory was used by Dobson using the Lyapunov
exponent. Given some initial condition x0, consider a nearby point x0 + δ, where
the initial separation δ0 is extremely small. Let δn be the separation after n steps.
If |δn| ≈ |δ0|enλ, λ is called the Lyapunov exponent. A positive Lyapunov exponent
is a signature of chaos. As can be noticed from the chaos analysis, also for a very
simplified geometry, open end with one turn, the differences between model prediction
and experimental data are not negligible. The author has not developed the model
of more complex geometries, however the difficulties already encountered in such a
simple geometry it shows that this approach has serious limitations due to the inherent
randomness of the phenomenon.
in the CFD approach several models are proposed in literature, they can be
classified for model complexity:
 Turbulence model approach;
 VOF3 with incompressible fluid;
 Compressible fluid VOF;
 Direct Numeric Solve DNS4.
3Volume of Fluid
4Direct Numeric Solve
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(a) Givler et al. (b) Subash et al.
Figure 4.11: CFD model examples
The first PHP CFD simulation was performed by Givler and Martinez[40]. A single
loop and a 2 turns PHP were simulated. Visual results are shown in Figure 4.11a. The
authors did not describe the models and whether they adopted an interface sharpening
technique to overcome VOF limitations.
Nagwase et al.[41] performed the simulation of a 2 turns PHP with STAR-CCM+ and
compared numerical and experimental results. Despite the fact that they say to have
found the two in good agreement, the volume fraction results reported shows nothing
more than beautiful colorful pictures as depicted in Figure 4.11b.
Actually the use of VOF has the following weak points:
Geometry: 2D in Cartesian means two parallel flat plates. To simulate a cylindrical
tube it is needed either a 2D-axisymmetric domain or, better, a 3D geometry;
Too coarse grids: at least 5 cells in the film, order of µm;
Incompressible model: compressibility effects are not negligible in turns;
Lack of additional models: interface sharpening, evaporation/condensation, contact
angle;
The actual models based on the slug/plug assumption are not able to detect any change
in the flow regime and consequently they are not able to accurately represent the
device operation too.
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4.6 Design procedure
In the order to start the design of a PHP the operative condition must be clear and
well defined:
- First of all, gravity magnitude and direction need to be defined. In application with
variable gravity, as an example automotive applications, the worst case should be
considered;
- Total power, heat flux distribution and condenser dimension can make the same
device functional or not;
- The operative temperature range, and also the storage temperature range will deter-
mine a family of fluids to use;
- Should be clear also the aim of the device (as an example thermal spreader or tem-
perature equalizer ).
In the choice of fluid, selected the family of fluid compatible with the temperature
range, fluids with high specific heat and low latent heat are preferred.
Using the heat flux and the similitude with other cases studied in literature a first
attempt can be designed and tested. Actually still not exist an optimization tool.
For the filling ratio the best value is related to the fluid, geometry, but first of all
to the aim of the device. A device designed with the aim of a fast-startup will have a
smaller optimum filling ratio compared to the one optimum for the highest heat flux.
From the literature can be highlighted that, in order to design the best device for
an application, any design tool do not exist if not a trial and error procedure tuned
with the literature results.
In the Figure 4.12 on the next page, one of the possible approach to design a PHP
for a specific application. That procedure is only a proposal from the author and will
not produce the best solution as, in the step of assuming the main parameters, the
designer will exclude some solutions.
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Figure 4.12: One of the possible approach to the PHP design
Chapter 5




In the last years, several works started to study the PHP in all the possible applications.
It is possible to distinguish conventional from the non conventional applications. In




Arab et al.[31] tried to apply a PHP in a solar collector. For this purpose, an
extra-long pulsating heat pipe (ELPHP) is designed, constructed and installed in a
thermosyphon solar water heater. In the Arab work the ELPHP are made of copper
tubes with an internal diameter 2.0 mm. The number of meandering turns is 6 and
the working fluid employed is distilled water. The lengths of condenser and evaporator
sections are 0.8 and 0.96 m, respectively. From the work results the device appear
to be functional, however the comparison made with a stock thermosyphon system
appear not clear due to the different external condition and different tests length.
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(a) Solar collector, Arab et al[31] (b) PHP integrated in a power PCB, ABB Corpo-
rate Research[42]
(c) PHP integrated in a CPU heat
sink, Katoh et al.[43]
(d) PHP integrated in a cold plate, Yang et al.[12]
Figure 5.1: Examples of conventional applications
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5.1.2 Electronic cooling
Kearney D. et al.[42] presented a work, made in the ABB research laboratory,
based on application of a PHP embedded in a PCB. In the research, a novel 44 channels
open looped pulsating heat pipe (OL-PHP) is characterized with two dielectric working
fluids (Novec TM 649 and Novec TM 774) whereby the specific operating limits and
conditions are identified as applicable to embedded power electronics cooling. In the
conclusion of the work the researchers state says:
While the findings clearly demonstrate the potential of the OL-PHP as heat spreading
device in embedded power electronics, further investigations are necessary to develop a
design methodology which considers the heat source position and heat density prior to
implementation in integrated power electronic applications.
Katoh et al.[43] designed an alternative CPU heat sink using a PHP instead of
solid finned heat sink. The device, compared with finned heat sink reached better
performances, however similar to the wick heat pipe finned heat sink.
5.1.3 Surface temperature equilibration
Two aluminum flat plate closed loop pulsating heat pipes built as integrated thermal
spreaders (overall size 180 Ö 120 Ö 3 mm 3 ), with equivalent hydraulic diameter equal
to 1.0 and 2.0mm respectively, were tested by Khandekar[12]. In this work Khandekar
used channels with a squared cross-section due to the fact that the channels are directly
engraved in the spreader.
Major conclusions from the study are:
The cross-sectional shape of the device is an important parameter which affects not
only the flow pattern transitions due to the effect of sharp angled corners, if present, it
also has a bearing on the acceptable diameter of a PHP, as suggested by the critical
Bond number criterion.
The filling ratio is a critical parameter, which needs to be optimized to achieve max-
imum thermal performance and/or minimum thermal resistance for a given operating
condition.
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5.2 Non conventional applications
5.2.1 Low temperature
Deng et al.[32] designed a copper PHP filled with Hydrogen. The results confirm
that the PHP critical diameter formula is suitable for a hydrogen PHP, and lays a
foundation for the future experimental and theoretical studies. As the heating power
increases, the PHP goes through 5 processes: start, pulsation, mixed pulsation and
annular flow, annular flow, and dry out.
5.2.2 Foldable geometry
Yang[13] realized a PHP capable to maintain the same performance also adding a
deformation (bending up to 120◦) on the geometry. That open the possibility, in the
field of satellite design, to use the PHP directly as a structure for the thermal panels.
5.2.3 Reduced gravity
Cubesats are classified between nanosatellite and microsatellite. That kind of satellite
usually have a mass between 0,5kg and 6 kg. Due to the constraints of 10X10X10cm
(each module, is possible to have a series of three) the heat removal device need to
be flexible and deployable. PHP fit exactly in this description. Actually long therm
performance need to be validated.
At the time of this thesis these are the non conventional applications that appear
to have a future, however, due to the early stage of development of this technology,
and the rising interest, more applications should appear.
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(a) Test-rig for the Hydrogen PHP. (b) Micro-channel device used as RF transmit-
ter cooler (ThermAvant Technologies).
(c) Cubesat (one module), 10X10X10cm







Published in International in Journal of Physics: Conference Series by Creatini, Guidi,
Belfi et al.[44]
This chapter focus on the Sounding Rocket experiment launched from Kiruna in
March of 2015. This experiment has been realized tanks to the ESA REXUS program.
In this project the author were Payload Manager and Thermal Management Respon-
sible. According to the scientific requirements and to the constraints provided from
ESA, the experiment was designed, realized, tested and flown up to the space. The
project lasted for 2 years from the official request to ESA, sent in September 2013,
until the final conference in July 2015.
Due to the expertise acquired working on the CLTPT during the Bachelor Thesis,
the author covered the role of Thermal design responsible and Payload manager. Dur-
ing the project :
Design of all the heat sink for power electronics;
Paraffin selection and mathematical model building;
Design of data analysis software to analyze more than 70 hi-frequency channels;
Experimental test on paraffin;
Experimental test on PHP.
6.1 Scientific target
The aim of the experiment is to prove that, a two-phase wickless closed PHP with a
diameter bigger than the static critical one on ground, can work as a PHP (i.e. slug
oscillating flow) under the occurrence of micro-gravity conditions, opening the frontiers
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to a new family of Pulsating Heat Pipes only for space applications. This family of
Pulsating Heat Pipe is called Hybrid Thermosyphon or Space Pulsating Heat Pipe
SPHP.
At the time of PHOS project proposal, the Bond number criterion was verified
for several fluids and diameters only at ground condition. There were even some
experiments, performed in m-g environment using PHP designed with the Bond
criterion on ground condition and tested in a parabolic flight. The Bond criterion
doesn’t take in account the fluid motion inside the PHP. Respecting the bond criterion,
as explained in Chapter 3.4.2, for FC-72 at 20◦C with an g-acceleration of 0.01 m s=2,
the critical diameter, 2
√
σ/g(ρl − ρv) results of 53mm.
Unlike that, Gu et al.[18], proposed a criterion based on the Weber number, exactly
We < 4, and a similar criterion is called by Harirchian and Garimella [19] ”convective
confinement number”. Assuming the fluid velocity equal to 0.1 m s=1 ( medium value











These results led to test a PHP with an internal diameter of 3 mm filled with FC-72.
This PHP should works as expected according to Weber and Bond criteria. According
to Garimella criterion the diameter is slightly too big, but should be considered that
the fluid velocity it is merely an estimation.
There are several micro-gravity platforms and they can be classified according to the
duration of the micro-gravity condition ( see Table 6.1 on the following page ). They can
even be classified by the micro-gravity quality. The best for the micro-gravity quality is
the drop tower that, in catapult mode, reach 9 seconds of µ− g, and can simulate both
micro-g and reduced gravity environment. Considering that in the literature, no one of
the experiments performed in the parabolic flight reached stationary condition, led to
choose the Sounding Rocket (REXUS) to test the new concept of Hybrid Thermosyphon.
Pletser et al.[45] reviewed the micro-gravity platforms actually available, comparing
cost, waiting list time, repeatability, gravity duration and quality. It can be said that,
in the near future, micro-gravity experiments by mean of suborbital flight, will become
one of the best platforms.
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Duration Platform Repeatability µg [g] Interaction
4.74s Drop tower 5 drops 10[−3,−6] RC
9.3s Drop tower (Catapult) 5 launches 10[−3,−6] RC
21s Parabolic flight 93 parabols 10[−2,−3] Human
120s REXUS Once 10[−4,−5] RC
3-5 min Suborbital flight Once 10[−2,−4] Human
months ISS Once 10[−2,−5] Human
Table 6.1: Micro-gravity platforms. RC=Remote Control
6.2 REXUS/BEXUS program Rocket/Balloon Ex-
periment for Universities Students
Figure 6.1: REXUS logo.
The REXUS/BEXUS program allows students from
universities and higher education colleges across
Europe to carry out scientific and technological ex-
periments on research rockets and balloons. Each
year, two rockets and two balloons are launched,
carrying up to 20 experiments designed and built by
student teams. REXUS experiments are launched
on an unguided, spin-stabilized rocket powered by
an Improved Orion Motor with 290 kg of solid pro-
pellant. It is capable of taking 40 kg of student experiment modules to an altitude of
approximately 90 km. The vehicle has a length of approx. 5,6 m and a body diameter
of 35,6 cm. BEXUS experiments are lifted by a balloon with a volume of 12000 m³
to a maximum altitude of 30 km, depending on total experiment mass (40-100 kg).
The flight duration is 2-5 hours. The REXUS/BEXUS program is realized under a
bilateral Agency Agreement between the German Aerospace Center (DLR) and the
Swedish National Space Board (SNSB). The Swedish share of the payload has been
made available to students from other European countries through a collaboration with
the European Space Agency (ESA). EuroLaunch, a cooperation between the Esrange
Space Center of SSC and the Mobile Rocket Base (MORABA) of DLR, is responsible
for the campaign management and operations of the launch vehicles. Experts from
DLR, SSC, ZARM and ESA provide technical support to the student teams throughout
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the project. REXUS and BEXUS are launched from SSC, Esrange Space Center in
northern Sweden.
6.3 PHOS project
Figure 6.2: PHOS project logo.
PHOS experiment is one of the selected projects
(between more than 20 universities), which had the
possibility to fly on board the REXUS 18 sounding
rocket. It was developed at the University of Pisa in
collaboration with the University of Bergamo. The
main aim of this experiment is to characterize the
start-up and the operations of two PHP operating in
milli-g environment in order to start a new phase for
these innovative and high performance heat transfer
devices for space applications. The main novelty is the experimental characterization
of a large diameter Pulsating Heat Pipes, which is not capillary on ground, but it is
capillary in a reduced gravity environment. Another novelty is the use of aluminum
as a material of the pipe, together with a PCM cooling on the condenser side. The
experiment can bring to a breakthrough in the development of the PHP, forecasting a
future experiment on the ISS.
6.3.1 Scientific requirements
The main aim of the PHOS project was to test a PHP with an internal diameter greater
than the critical one, according to the Bond number criterion, on ground condition. At
the moment of the project submission there was not scientific evidence that a device
with this geometric characteristic could works in micro-gravity. As secondary aim, the
performances comparison with a PHP of not critical diameter, led to test two similar
devices in the same experiment, henceforth we will refer to PHP162 and PHP300
respectively for the PHP of small and big diameters.
The main outputs to evaluate and compare the two PHP performance are:
 Pressure fluctuation (High frequency needed);
 Temperatures;
 Dissipated heat power.
Thanks to that data is possible to evaluate the equivalent thermal resistance, the
fundamental performance indicator for an heat and mass transfer device.
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Figure 6.3: Rocket assmbly
PHP162 PHP300
[mm] [mm]
Internal diameter 1.62 3.00
Outer diameter 3.2 5
Radius of curvature 4.8 7.5
Length 192.8 200
Evaporator length 6.4 10
Condenser length 145 145
Width 128 200
Height 12.8 20
Table 6.2: Geometric futures of the two PHP
To calculate the equivalent thermal resistance, stationary condition is needed. To
obtain a fixed temperature in the condenser the PHP was placed inside a PCM1 in
order to work as an heat sink. The heat sources were simulated by a wire heated-up
by Joule effect.
6.3.2 Experiment technical details
The geometrical futures of both the PHP are summarized in Table 6.2. The basic devices
structure, as sketched in Figure 6.4 on the following page, consists of an aluminium
tube folded in a double-layer configuration with fourteen curves constituting the
evaporator section. Two t-junction are present in each PHP, one is for the pressure
transducer (Kulite, XCQ-093-1.7 bar A), and the other is used for the emptying and
filling procedure. In order to acquire the temperature a total of 64 thermocouples
were placed on the evaporator and condenser of both the devices (In Figure 6.4 are
represented by red and blue dots). The CLPHP are evacuated by a two-stage vacuum
pump (Edwards, XDS35i and EXT255H 24V) until a pressure level of 10−4Pa is
obtained. The selected working fluid, i.e. FC-72, is separately degassed in a secondary
1Phase Change Material
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Figure 6.4: PHP300 structure detail
loop by continuous boiling: the incondensable gases first accumulate at the top of
a tank and then are sucked away by means of several vacuuming cycles. Then, the
devices are partially filled with a volumetric ratio of 0.5 ± 0.025 and sealed. The
incondensable gases content results in an overpressure included within the margin of
accuracy of the pressure transducer.
Evaporator section
Evaporator section. The CLPHP evaporator sections consist of 2 wire-shaped heating
elements (Thermocoax , 1 Nc I) 1.6 m long with a 1 mm external diameter and an
equivalent line resistance of 12 Wm=1. The heating elements are connected in parallel
and wrapped around the evaporator curves as shown in Figure 6.4: the asymmetrical
position with respect to the curves is intended to promote the working fluid circulation
in a preferential direction (as explained in 4.4.1 on page 45). The evaporator sections
temperature is limited to 150◦C by two thermal switch (DMP , 11MP 160L 007E)
in contact with the aluminum tube. The heating elements are powered up to 400 W
by 14 battery cells (SAFT ,MP176065): 8 DC/DC converters, each that consist of
a PRM regulator (Vicor , P024F048T12AL) and a VTM current multiplier (Vicor
, VTM48EF480T006A00) regulate the voltage and current coming from the cells in
order to provide the designed power. For both the PHP the nominal heat flux is fixed
at 15W cm=2.
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Condenser section
The heat sink consists in a phase change material in contact with the condenser section.
The phase change material is an n-octadecane paraffin wax whose thermal properties
are summarized in Table 6.3. Theoretically, the paraffin wax should absorb heat via
latent heat of fusion in order to keep constant the condenser temperature. However,
as the thermal conductivity of the paraffin wax is small, after a certain time, the
melting front stops and the liquid paraffin surrounding the tubes is heated up (sensible
heating), thus leading to an increase of the condenser temperature. This phenomenon
should be carefully taken into account and can be probably overcome by embedding a
conductive structure inside the paraffin (i.e. aluminum honeycomb).
At now a new experiment is under development using aluminum foam, will be
launched in March 2017.
During the design phase an experimental setup was used in order to validate a
CFD model of the melting paraffin (see Figure 6.5 on the following page). That model
was used to design the condenser section and to simulate the experiment box response
to the waiting time before the launch (30min, =20 ◦C).
Melting point ◦C 28.0
Boiling point ◦C 317.9
Specific heat J/(kg K) 2160
Heat of fusion kJ/kg 244
Thermal conductivity W/(m K) 0.15
Table 6.3: n-Octadecane wax properties;
6.3.3 Final design
After several reviews with an expert board, a final design was fixed and started to
built. The two experiment described in the previous sections, were placed inside a
vacuum-tight aluminum box as shown in Figure 6.6 on page 67. In addition to
the experiment box several subsystem need to be integrated in the rocket. A power
management system and a battery pack able to deliver up to 400W. A data handling
system to control the experiment and acquire temperatures, pressures and power up to
10hz. A communication system to have a real-time feedback of the experiment during
the flight. The result of the layout integration led to the final design, Figure 6.7 on
page 67.
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(a) Exploded view of the experiment with the
paraffin
(b) Simulation result with the tuned model
(c) Comparison between model and experimental results
Figure 6.5: n-Octadecane used as heat sink, design and simulation;
6.4 Results
The experimental results are presented in terms of temperatures and pressures temporal
trends. The real power input for each experiment is summarized in Table 6.4. Due
to the fact that for each PHP 32 temperatures were acquired, in the graphics, only
the medium temperature of the thermocouples placed on the evaporator or on the
condenser are reported, respectively with a red line for the evaporator and a blue line
for the condenser. The green line shows the pressure acquired inside the PHP.
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Figure 6.6: PHOS experiment box.
Figure 6.7: Section of the PHOS project assembly.





Peak power 64.5 218
Nominal power 42.5 218
Ground test
Horizontal
Peak power 64.5 218
Nominal power 42.5 218
Flight test
Peak power 64.5 218
Nominal power 42.5 218
Table 6.4: Real power input
6.4.1 Ground test
2 different tests were performed on ground, testing horizontal and vertical positions.
The ground test was performed in a climatic room after 24 hours of temperature
stability. This condition was used also to check the relative calibration between the 64
thermocouples.
Small diameter PHP
The pressure temporal trends relative to the small diameter PHP in vertical and
horizontal positions (Figure 6.8) are different: in the former case, pressure oscillations
Figure 6.8: Small diameter PHP results during ground test.
Vertical test on the left.
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Figure 6.9: Big diameter PHP results during ground test.
Vertical test on the left.
have smaller amplitude and higher frequency while in the latter, larger amplitude
and lower frequency. The reason lies in the different orientation of the device with
respect to the gravity vector. In vertical position, the gravity vector acts along the flow
path direction and assists the working fluid motion. In these conditions, even a small
pressure change is sufficient to overcome the inertial effects and to push vapor bubbles
and adjoining liquid plugs towards the condenser section: as the vapor bubbles rise
rather easily the resulting pressure oscillation frequency is high. In horizontal position,
the gravity vector acts on a plane perpendicular to the flow path direction. As a
result, a large pressure change is needed in order to displace the liquid plugs and the
working fluid motion is least frequent. The nature of the pressure oscillations results
in different start-up behaviors. In vertical position, the start-up occurs suddenly as
soon as a sufficient pressure difference is set up between the evaporator and condenser
sections. In horizontal position, the start-up takes slightly more time, as gravity has
not an influence on the working fluid motion. The working fluid motion inside the
CLPHP in different orientations also affects the overall thermal performance. The
heat transport capability is higher when gravity assists the working fluid motion as
more liquid reaches the condenser section and releases sensible heat. Then, the average
evaporator temperature moves towards a smaller value when the device is in vertical
rather than in horizontal position.
Big diameter PHP
The pressure temporal trends relative to the large diameter PHP in vertical and
horizontal positions (Figure 6.9) are quite similar to the ones discussed above, although
the physical phenomena that occur inside the device have a different nature. In vertical
position, the device operates as a two-phase thermosyphon. The liquid phase that
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(a) Accelerations log; (b) Residual accelleration after yo-yo de-
spin
Figure 6.10: Rexus 18 accelerations
accumulates close to the evaporator section boils continuously. The generated vapour
rises towards the condenser section and, sometimes, drags on with it on some liquid
batches in the so-called ”bubble lift” mode. As the working fluid distribution inside
the device is optimal, even a small pressure difference between the evaporator and
condenser sections is able to trigger the working fluid motion. In horizontal position,
gravity restrains the liquid phase in the bottom plane of the device while the vapor
phase fills the upper plane. The resulting working fluid distribution within the device
is not optimal: beyond gravity, the pressure force that ensue from the vapor expansion
on the upper plane, keeps the liquid phase confined to the bottom plane. Therefore,
the working fluid motion is completely absent until, the vapor phase in the upper
plane, condenses: the associated pressure decrease in the upper plane leads to a
vigorous boiling process in the bottom plane. The vapor expansion process is almost
instantaneous and traduces in a water hammer associated with high amplitude pressure
oscillations. The heat transport process in such a condition is inefficient and results in
a higher average evaporator temperature.
6.4.2 Flight test
The accelerations experienced during REXUS 18 sounding rocket flight are sketched in
Figure 6.10a. The red and blue lines represent, respectively, the accelerations along the
longitudinal axis of the rocket and on a plane perpendicular to it, respectively. The
black vertical lines represent the timeline’s main events. The line that corresponds to
the ordinate axis represents the rocket Lift Off (LO) and Start of Experiment (SoE).
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Proceeding to right,it occurs at LO +28 s, the Start of Data Storage (SoDS): from this
time,the power is provided to the heating elements and data are stored in the memory.
Finally, power is switched off at LO +160 s and simultaneously the experiment ends.
The black vertical line at LO +70 s corresponds to the instant when the yo-yo system
had to act and reduce the rotation of the rocket about its longitudinal axis. However,
as can be clearly inferred from Figure 6.10a, the yo-yo system failed and the presence
of the residual centrifugal acceleration prevents both CLPHP to work in the expected
reduced gravity environment. For this reason, the flight results are placed in the
context of the hyper-gravity experiments documented in literature. An image, with
a series of concentric circles, representing the gravity levels that act on the devices
depending on their radial distance from the longitudinal axis of the rocket is sketched
for clarity in Figure 6.10b.
Small diameter PHP
In the graphs in Figure 6.11a on the next page the test results of the small diameter
PHP are reported. The centrifugal component of the acceleration promotes the working
fluid motion and affects the device start-up. However, the acceleration is not oriented
from the condenser to the evaporator like in the case with the device oriented in
vertical position were it pushes the liquid phase from the central to the peripheral
region of the device. The confinement of the liquid phase in the peripheral region
of the device results in a detrimental effect on the performance with respect to the
vertical ground test but not with respect to the horizontal ground test. The pressure
temporal evolution is respectively characterized by the occurrence of random pressure
peaks associated with a decrease and increase of the average evaporator temperature,
respectively. In fact, when the centrifugal acceleration separates phases, the working
fluid motion stops and the heat transport process becomes ineffective. Therefore, it
occurs a decrease of the acceleration level or an increase of pressure in order to allow
the working fluid to redistribute properly: the standoff condition is overcome and the
device restarts its operation.
Big diameter PHP
The flight test results relative to the large diameter PHP are reported in Figure 6.11b
on the following page. The centrifugal component of the acceleration significantly
affects the distribution of the working fluid within the device: the liquid phase is
pushed towards the peripheral region while the vapor phase occupies the central region.
As such as a distribution is not optimal, the heat exchange process is not effective
and the average evaporator temperature increases with respect to the vertical case.
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(a) Small diameter PHP results; (b) Big diameter PHP results.
Figure 6.11: Rexus 18 flight test results
It is worth to note that, a few moments before the end of the test, a failure in one
of the two heating elements prevents heat power to be provided to the bottom floor
evaporator section and the average evaporator temperature and pressure decrease.
6.4.3 Experimental results discussion
Due to a malfunction of the rocket de-spin system, the device experienced an augmented
gravity environment instead of the desired milli-gravity, so was not possible to observe
the expected net transition in the temperatures and pressure temporal evolutions
associated with the occurrence of the slug and plug flow pattern within the device. In
the light of such considerations, the major outcomes of the present work are listed here
below:
The small diameter PHP confirm literature results: the hyper-gravity conditions
have a beneficial effect on the overall thermal performance with respect to horizontal
orientation as centrifugal accelerations promote the working fluid circulation within the
device in every direction. However, the overall thermal performance in vertical position
on ground is the best, as gravity acts always from the condenser to the evaporator;
The large diameter PHP on ground is affected by the stratification of the working
fluid within the device, as the surface tension is not able to balance buoyancy. When
in vertical position, the liquid and vapour phases respectively resides in the evaporator
and condenser section, and the device behaves like a two-phase thermosyphon. When
in horizontal position, the liquid and vapour phases resides in the bottom and upper
device planes, respectively, and the device operates intermittently whenever a sufficient
temperature gradient arises between the planes to push some liquid in the upper plane;
The large diameter PHP in hyper-gravity conditions is more sensitive to the
centrifugal acceleration: the liquid and vapour phases hold relatively in the peripheral
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and central parts of the device. The overall thermal performance is better than in
horizontal position.
The experimental setup worked as expected but the thermocouple reading precision
was not as expected. A perfect steady-state in the condenser was not reached due
to a subcooling of the paraffin during the waiting time before the lift-off (external
temperature was -15◦C). This problem lead to the improvement done in the U-PHOS
project that will be launched in March 2017.
Test No Equivalent Resistance Inclination Condenser
PHP 162 PHP300 Temp.
K W=1 K W=1
1 0,236 0,076 Vertical 20 ◦C
2 0,495 0,105 Horizontal 20 ◦C
3 0,275 0,086 Vertical 30 ◦C
Flight 0,345 0,111 - 20 ◦C
Table 6.5: Performance comparison, ground and flight test.
Chapter 7
ESA 61st parabolic flight
campaign
Published in International Journal of Thermal Sciences by Mangini et al. [46]
This chapter focus on the results obtained during the 61st ESA parabolic flight
campaign. That experiment was realized in a cooperation between ”Universita` di
Pisa”, ”Universita` di Bergamo” and ”Politecnico di Milano”.
7.1 Scientific target
The aim of the experiment is to test a novel concept of a hybrid Thermosyphon/Pul-
sating Heat Pipe with a diameter bigger than the capillary limit occurring on ground
condition. That novel concept use an asymmetric placement of the heat source (see
Chapter 4.4.1 on page 45) to improve the performance of a 5 U-turns Closed Loop
Thermosyphon. In detail, the aim is to test that device, with several inclination angle,
gravity field magnitude (from mill-g to 1,8g), and several specific flux on the evaporator.
The micro-gravity platform used is the ESA parabolic flight capable of 21 seconds of
micro-gravity for 31 times during a 2 hours flight.
7.2 Parabolic flight
As the REXUS campaign, the parabolic flight is a scientific platform to perform
experiment in a gravity modified environment. A refitted aircraft flies up and down at
45° angles – at the top of the curve the passengers and experiments experience around
20 seconds of micro-gravity. Before and after the weightless period increased gravity
74
CHAPTER 7. ESA 61ST PARABOLIC FLIGHT CAMPAIGN 75
Figure 7.1: A300 flight path. (Not in scale)
up to 2g is part of the ride. Parabolic flights are useful for short-duration scientific
and technological investigations in reduced gravity. These flights are the only way to
test micro-gravity with humans without going through lengthy astronaut-training and
flights to the International Space Station. For this reason, parabolic flights are often
used to validate space instruments and train astronauts before spaceflight. A typical
parabolic flight campaign offers 31 periods of weightlessness per flight with three flights
conducted over the course of a week. The aircraft can also fly in arcs that simulate
lunar or Martian gravity levels by adjusting the angle of attack. Along with drop
tower (maximum 9 seconds of micro-gravity), experiments flown on parabolic flights
are a useful preparation for longer-duration studies on sounding rockets or even the
International Space Station. Much useful data can be gathered from parabolic flights
and experiments can be tweaked before going further into space. The advantages for
researchers to take their experiments on this rollercoaster ride are short waiting times
between submitting a proposal and its flight and as well as the low cost – once a research
proposal is accepted, ESA finances the flight. Parabolic flights are hands-on, researchers
can join the ride and intervene, modify and monitor experiments as they float around.
7.2.1 Technical data
The Airbus A300 Zero-G aircraft generally executes 31 parabolic maneuvers during
flight. From a steady horizontal flight, the aircraft gradually pulls up and starts
climbing to an angle of approximately 50 degrees. This pull-up phase lasts for about 20
seconds, during which the aircraft experiences an acceleration of around 1,8 times the
gravity level at the surface of the Earth. The engine thrust is then strongly reduced
to the minimum required to compensate for air-drag, and the aircraft then follows a
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Figure 7.2: Flight parabolas schedule
free-fall trajectory forming a parabola lasting approximately 20 seconds, during which
weightlessness occurs. For reduced gravity parabolas the pull-up phase is reduced
to a lower angle and the engine thrust is reduced to a point where the remaining
vertical acceleration in the cabin is approximately 0,16 g for approximately 23 seconds
or 0,38 g for approximately 30 seconds. At the end of this period, the aircraft pulls
out of the parabolic arc giving rise to another 20 second period of 1,8 g to return to
normal level flight attitude. These maneuvers are flown repeatedly, and the whole cycle
lasts three minutes: a one-minute parabolic phase (20 seconds at 1,8 g followed by
20 seconds of weightlessness followed by 20 seconds at 1,8 g), followed approximately
by a two-minute rest period at normal gravity. After every group of five parabolas
a longer, eight-minute rest period is done. Throughout the flight all personnel are
kept informed of the flight status such as indication of how many seconds to the next
parabola, number of minutes for a rest period and so on. At the end of this period,
the aircraft must pull out of the parabolic arc, a maneuver which gives rise to another
20 second period of 1.8g on the aircraft, after which it returns to normal level flight
attitude. These maneuvers are flown repeatedly, with a period of 3 minutes between
the start of two consecutive parabolas, i.e. approximately a one-minute parabolic phase
(20 seconds at 1,8g + 20 seconds of weightlessness + 20 seconds at 1,8g), followed
approximately by a two-minute ”rest” period at 1g. After every group of five parabolas
however, the rest interval is increased from 5 to 8 minutes.
7.3 Experiment setup
An aluminum Closed Loop PHP with 3 mm internal diameter filled with FC-72 have
been tested at different heat loads (up to 160 W), orientations (BHM1, horizontal),
transient gravity levels (0 g, 1 g, 1.8 g) during the 61st ESA Parabolic Flight Campaign.
The proposed cooling device is made of an aluminum tube (I.D./O.D. 3.0 mm/5.0 mm;
Total length: 2.55 m) bended into a planar serpentine with ten parallel channels and
five U-turns at the evaporator (all curvature radii are 7.5 mm), as show Figure 7.3a.
1Vertical in Bottom Heat Mode
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Figure 7.3: Experimental setup for a parabolic flight.
Two “T” junctions allow to close the serpentine in a loop and to derive two ports at
each side: one hosts a pressure transducer (Kulite, XCQ-093, 1.7 bar A), while the
second one is devoted to the vacuum and filling procedures. The working fluid is FC-72
and the volumetric filling ratio is 50% corresponding to 8.3 ml. The PHP external
tube wall is equipped with sixteen “T” type thermocouples, with an accuracy of ±0.2
K after calibration: ten located in the evaporator zone and six in the condenser zone,
as illustrated Figure 7.3a. One additional thermocouple is utilized to measure the
ambient air temperature. A glass tube fixed between the two “T” junctions, allows
the flow pattern visualization in the top of the condenser zone and it also closes the loop.
Figure 7.3b shows an exploded view of the test cell, highlighting all its main
components. In order to record the fluid dynamics, a compact camera is positioned
behind the PHP by means of an aluminum plate. Due to space restrictions, an inclined
mirror is also utilized to reach the desired field of view. The camera acquires up to
450 fps, with a resolution of 1280x200 pixel. The aluminum tube is firstly evacuated
by means of an ultra-high vacuum system and then it is filled up with the working
fluid (FC-72). After the filling procedure (0.5± 0.03)the difference between the actual
fluid pressure inside the tube and its saturation pressure, at the ambient temperature,
gives an indication of the incondensable gas content (less than 6 PPM).
The device is equipped with five electrical heaters (Thermocoax Single core 1Nc Ac,
0.5 mm O.D., 50 U /m, each wire is 720 mm long) wrapped just above the evaporator
U-turns (Figure 7.4 on the next page)a covering a tube portion of 20 mm and providing
an asymmetric heating on the device. The parallel assembly of the heaters is connected
with a power supply that can provide an electric power input up to 160W, corresponding
to a wall to fluid radial heat flux up to 17 W cm=2. Due to the low thermal inertia of
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Figure 7.4: Asymmetric heat input displacement
the heating system, the pseudo steady state condition can be reached in approximately
3 min. The condenser section is 165 mm long and it is embedded into a heat sink,
which is cooled by means of two air fans. A data acquisition system records the output
of the thermocouples, the pressure transducer and the g-sensor and all signals are
recorded at 10 Hz. The high-speed camera is connected to an ultra-compact PC able
to store the images up to 450 fps. This two systems are synchronized by means of
LAN connection.
7.4 Results
The PHP has been tested both on ground that in flight. In the flight 3 different gravity
occurs, 0g, 1g, and 1.8g. Referring to the Figure 7.3 on the preceding page for the
thermocouples name, the results are presented in terms of temperature and pressure
temporal evolutions while images of the flow pattern within the condenser zone are also
illustrated. The red/yellow lines indicate the temporal evolution of the temperatures in
the evaporator zone just above the heater (TC1, TC3, TC5, TC7, TC9); the pink
color variations correspond to the temperatures at the evaporator zone far from the
heaters (TC0, TC2, TC4, TC6, TC8); the temperatures recorded in the condenser
zone are illustrated with blue color variations (TC10, TC11, TC12, TC13, TC14,
TC15), while the ambient temperature is visible in green.
7.4.1 Expected results
The flight campaign have as main aim to prove that, a PHP, with the internal diameter
grater that the critical one on ground, can work as a Pulsating Heat Pipes in a reduced
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gravity environment. As main output the thermal resistance can be evaluated as
indicator. At the time of the campaign, no one has never tested a device with such
particularity. The correlation existing in literature suggest that the device should
works with performance similar to the one obtainable on ground in Bottom Heating
mode. Due to the 20 seconds of hyper-gravity before the micro-gravity period, different
results are expected from vertical and horizontal orientation tests.
7.4.2 Ground test
The device has been thermally characterized on ground, testing both horizontal and
vertical (BHM2) configurations. In the vertical configuration, the device has been
tested up to 160W. In vertical configuration, working as a Closed Loop Two Phases
Thermosyphon, the fluid circulation can be obtained from the ”bubble lift” principle,
based on the occurring phenomenon in the Einstein et al.[47] cycle, contextualized in
the heat transfer device by Franco et al.[48]. In the horizontal configuration the device
has been tested only up to 80W due to the evaporator temperature limit (the hottest
point at 80W was more than 100◦C).
Horizontal
As can be notice in Figure 7.5 on the next page, the thermal performances of the PHP,
switching configuration, totally change. In horizontal configuration the circulation
never start and the equivalent thermal resistance, stables around 0.7 K W=1, can be
attributed to the aluminum tubes conduction and to the vapor motion inside the tubes.
Moreover, it was observed that temperatures increase as the heat power input increases
and the pressure measured in the condenser zone does not exhibit any fluctuation.
Vertical orientation (BHM)
During the vertical orientation tests, two different working mode can be recognized:
Start-up, and Standard operation. During the start-up, the heat input is not sufficient
to win the gravity force with the ”bubble lift” phenomenon. It is noticeable that any
circulation are occurring thanks to three observations:
 The higher the heat power input, the higher the temperatures in the evaporator
zone will be(linear - equivalent thermal resistance '0.7 K W=1);
 Pressure do not exhibit any fluctuations;
 The fast camera doesn’t record any motion.
2Bottom Heat Mode
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Figure 7.5: Ground tests results for both the configurations
When the heat power input is set at 40 W, the higher pressure reached in the evapora-
tor zone is sufficient to pump the liquid batches in the condenser zone: the pressure
signals shows suddenly vigorous fluctuations and a slug/plug flow is observed in the
transparent horizontal section (Figure 7.5c). Therefore, the heat exchange is enhanced
by convection, the equivalent thermal resistance decreases, arriving at 0.1 K/W at 160
W of heat power input (Figure 7.5e), without any thermal crisis.
Furthermore, the asymmetrical position of the heaters has a direct effect on the
fluid motion. In the heated branches (up-headers) the fluid batches are lifted up from
the evaporator to the condenser in the form of non-coherent slugs, by means of the
expanding vapor bubbles; along the adjacent branches (down-comers) the gravity head
assists the return of the fluid from the condenser down to the evaporator zone. Is
possible to affirm, by means of OpenPIV3 analysis, that the alternation of up-headers
3OpenPIV is a user-friendly software for Particle Image Velocimetry. It incorporates modules
written in Matlab, Python and C++ that allows to estimate the velocity fields from images of
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Figure 7.6: Evidences of the preferential circulation direction
and down-comers generates a fluid motion in a preferential direction, activating a net
circulation.
7.4.3 Flight test
Microgravity experiments have been performed aboard the ESA/Novespace Airbus
A300, during the 61st ESA PF campaign. A total of 31 parabolic trajectories are
performed in each flight: the first one, called parabola zero, is followed by six sequences,
each consisting of five consecutive parabolic maneuvers. All sequences are sepa-rated
by 5 min interval at earth g-level. Each parabolic maneuver is itself subdivided into
three parts: 20 s at 1.8 g (hyper-gravity), followed by 22 s at 0.01 g (micro-gravity)
and finally 20 s at 1.8 g (hyper-gravity). A 90 s period of earth g-level is in between
each parabolic event [49].
particles and post-process the fields to obtain important fluid dynamics quantities such as vorticity,
rate-of-strain, dissipation and Reynolds stresses in the case of turbulent flows.
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Figure 7.7: Transition from the hyper-gravity period to the micro-gravity period:
slug/plug flow activation.
Vertical
As shown previously, during the ground tests in vertical position, at 10 W and 20
W, the heat power is not sufficient to pump the liquid batches in the condenser zone.
Therefore, during the parabolic flight experiments, the temperatures appear stable in
the normal and the hyper-gravity conditions, the pressure does not show fluctuations
and the transparent section remains dry. When the micro-gravity period starts, a
slug/plug flow is observed in the transparent condenser section and the temperature
values at the evaporator zone decrease rapidly. The liquid phase is indeed able to reach
more easily the condenser zone when the body force becomes negligible during the
micro-gravity period, and the slug/plug flow activation allows the fluid motion in the
condenser zone, even for the lowest heat power input levels tested. For all the other
heat power inputs tested, when the device reaches the standard operating conditions as
Thermosyphon, the gravity certainly assists the device, giving a net contribution to the
fluid momentum. The beginning of micro-gravity, activating the slug/plug flow regime,
makes the device to work as a PHP, increasing the temperatures at the evaporator
zone and decreasing the thermal efficiency.
The temporal evolution in Figure 7.7, that focuses on the fluid dynamic between
the hyper and micro-gravity transition, shows that during micro-gravity, the buoyancy
forces become negligible and the surface tension of the liquid phase tends indeed to
create liquid/vapor interfaces perpendicular to the flow path (i.e. menisci). Since the
vapor phase fills completely the tube section, the flow pattern results in an alternation
of vapor plugs and liquid slugs, enabling the device to start working as a PHP.
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Figure 7.8: gx , gy, gz acceleration components and time evolution during parabolic
maneuvers in horizontal orientation: a) Layout and directions; b) gx , gy, gz acceleration
over time; c) effect on temperatures; d) effect on fluid pressure.
Horizontal
During micro-gravity, the inclination of the device does not play a significant role
because of the complete absence of the body force: the temperatures and the pressure
measurements are similar to the micro-gravity case during the vertical test. However
need to be highlighted that, during the hyper-gravity and before the micro-gravity, the
device are usually working as not expected. After a post analysis of the accelerations,
can be stated that, the proposed activation is not due to the acceleration in the
z-direction, but to the “spurious” force in the x direction (green line in Figure 7.8).
During the first hyper-gravity period due to gx component orientation the generated
inertia force causes the fluid to move in the opposite direction, improving the beneficial
effect due to the thermal asymmetry. However, during the second hyper-gravity period,
gx is negative inhibiting this preferential fluid motion.
7.5 Experimental results discussion
The ground test confirmed the, already known theory, about the thermosyphon, in
this case applied on a multi-evaporator one. The overall performance of the device in
thermosyphon mode appear to be the best in this work. The flight test shows how
the device start working as a PHP in the 20s micro-gravity condition. Due to the
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hyper-gravity period before the parabola, the experiment highlighted how, the use of
parabolic flight as micro-gravity platform, have big limitation. Should be also noticed




Due to the knowledge acquired on parabolic flights and sounding rocket, an innovative
test-rig need to be designed. The fluid modeling researchers need more data about the
fluid motion inside the PHP and about the heat exchange that occur with the walls.
This, with the request of more accuracy about the data, led to design the new test-rig.
In order to achieve experiment in more platforms, from ground to parabolic flight and
ISS, a flexible rig need to be designed. The ISS requirements and restraints are the
harder to be satisfied, so that design will be based on that.
The keypoint in the ISS design are:
 The condenser need to be thermally connected to the interface cold-plate by
means of eight 40X40mm Peltier cells;
 The ISS thermal platform have an fast-MWIR camera.
In addition to that, from the past experiences, was realized that the evaporator heaters
made by means of Inconel wire are not reliable and that, to increase the data accuracy,
thermocouples are not the best solution.
That project is part of the Innovative Wickless Heat Pipe Systems for Ground and
Space Applications (INWIP) project, funded by ESA, aims at designing, manufacturing
and testing innovative wickless heat pipes with enhanced performances and reliability
for both Space and Ground applications. The project team is composed of three main
partners (the University of Naples, the University of Pisa, and the University of
Brighton), which are responsible for the development of the three technologies (TS,
GHP, PHP), and twelve scientific and industrial partners.
85
CHAPTER 8. INNOVATIVE TEST-RIG 86
8.1 Scientific target
The aim of this experimental apparatus is to create a test-rig capable for a Pulsating
Heat Pipes with a diameter greater than the critical one on ground, to be tested
on board of the International Space Station. The specific aim is to prove that, in
stationary condition, the PHP, in that case the Hybrid Thermosyphon or Space PHP,
works as expected thanks to the several tests performed on ground and first of all,
on the parabolic flight. The SPHP that will be test thanks to this apparatus, have
the same geometry of the one mounted on board REXUS U-PHOS project (Launch
expeted March 2017) and even in the next parabolic flight campaign (November 2017).
This two experiments will help with the DOE reduction. The SPHP that will be tested
is an aluminum device with two floors, each one with 14 parallel channels and an
internal diameter of 3mm.
8.2 ISS, Columbus module and European Drawer
Rack
Figure 8.1: ISS - gravity quality
The International Space Station is an artificial hab-
itable satellite place in LEO, it serves as a micro-
gravity and space environment research laboratory
in which crew members conduct experiments in
biology, human biology, physics, astronomy, meteo-
rology, and other fields. Due to the gyroscope action
for attitude adjustment, to small burn to restore
the right altitude, to vibration of mechanism and to
solar/thermal panel drag, the micro-gravity quality
in the ISS is not good as the Drop tower. Due to




The Columbus module is the European science labora-
tory that is part of the International Space Station. The
European Drawer Rack is a single, six-post International
Standard Payload Rack (ISPR) with seven Experiment
Modules, each of which has separate access to power and
cooling. The Thermal platform that will contain the SPHP
experiment will offer hi-speed MWIR visualization, a ther-
mal control rig by means of a cold plate and 8 Peltier cells
will be used to remove the heat from the condenser.
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Figure 8.3: Section of the Space PHP for the ISS
8.3 Experiment setup
8.3.1 SPHP geometry
The SPHP that will be tested is an aluminum device with two floors, each one with 14
parallel channels and an internal diameter I.D. of 3mm and outer diameter O.D. of
5mm. In the bottom floor (referring to Figure8.3), two wide aluminum spreader remove
the heat from the condensation section. In order to simulate an heat load, in the upper
floor, by means of two ceramic resistance, heat is provided to one aluminum spreader
(In the Figure 8.3 only a section is represented to help the assembly visualization). In
the upper floor, placed in the middle channel, a sapphire tube, MWIR transparent,
will allow to capt the radiation coming from the working fluid. The sapphire tube is
glued, by means of a low out gassing epoxy glue (Loctite EA 9492), to brass junction,
that are also used to place two thermocouples in direct contact with the fluid. To
evacuate the device and after filling with the working fluid a T-junction is equipped
with a copper tube that after the filling procedure is sealed by means of tin brazing.
The T-junction also hosts the small size pressure transducer (Kulite, XCQ-093, 1.7 bar
A).
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Figure 8.4: Ceramic heater
Figure 8.5: ETH-127-14-11-S Peltier cell specifications
8.3.2 Heat load simulation
The heat input is simulated, by Joule effect, trough two ceramic resistors, made
by specification, with an electrical resistance of 18.2W±0.8%. The two resistors are
connected in parallel with an equivalent resistance of 9.01W. For parabolic flight
and ground test, a DC power supply (Agilent 6575A), capable of 120V and 18A, will
power-up the resistors up to a total power of 700W. The DC power supply will be
electronically controlled in order to adjust the tension to maintain a constant heat
power also with the electrical resistance change due to the temperature change.
8.3.3 Condenser
As explained, this test-rig need to have the same configuration both in the parabolic
flight,as in the ISS, as during the ground tests. In order to obtain the same conditions
in each configurations, between the condenser spreader and the heat sink, eight Peltier
cells are interposed. The Peltier cells are silicone sealed in order to work under the
dew point temperature without occur in electrical short circuit due to the condensed
water. In order to control the condenser temperature a Dual-Channel TEC Controller
is adopted.
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Peltier cells
Figure 8.6: TEC-1123 Meerstetter En-
gineering TEC controller.
Eight Peltier cells are interposed between the
condenser and the heat sink cold plate. The
main characteristic are reported in Figure 8.5
on the previous page and the thermal per-
formance interlaced with the chiller perfor-
mance are reported in Figure 8.8 on the fol-
lowing page. The Peltier cells are controlled
by a Meerstetter Engineering TEC controller.
The TEC-1123 is a 2 channels ThermoElectric
Controller capable of ±16A and 36V for each channel. The controller use 2 NTC
and 2 PT100 as feedback to control the power applied on the cells to maintain the
temperature. After an auto-tuning the device is capable to mantain the temperature
in a range of ±0.1K.
Cold plate
Three different heat sink for the Peltier cells will be used depending from the testing
platform used. The same experiment will fit ground and flight test.f
Ground During the ground test a liquid cooled cold-plate will cool down to 5 ◦C the
Peltier cells Hot side. The chiller that will be used is the Neslab ThermoFlex1400, will
be capable of removing 1400W at 35◦C with the air temperature equal to 25◦C. The
extreme condition that will be tested is 5◦C on the Peltier hot side. In this condition
the ThermoFlex is capable of 450W. As visible in the graph reported in Figure 8.8 on
the next page, removing 450W from the Peltier means, for example, to remove 240W
from the PHP at -15◦C or 120W at -35◦C. The last example shows the limits of this
setup and, in order to reach lower temperatures, a not water based chiller is needed.
Parabolic flight As we are not able to bring the chiller on board of the parabolic
flight , the cold plate placed on the hot side of the Peltier cells will be substitute with
a finned plate cooled by forced convection.
ISS In the experiment module a cold plate will be provided as an interface.
8.3.4 Fast MWIR camera
The IR camera that will be used is a prototype with a resolution of 1280x1024 pixels.
The camera have an optic window, made of Germanium, with a good transmittance
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(a) Thermoflex1400BW (b) Thermoflex performances
Figure 8.7: Water chiller image and performance
(a) Working field with hot side at 5◦C and total power of 450W;
(b) Working field with hot side at 18◦Cand total power of 1000W;
Figure 8.8: Peltier cells performance function of cold plate removed power. Data refer
to a single cell.
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between 3 µm and 5 µm. The sensor, with pixels of 15X15µm, is cooled down by a 22W
Closed Loop Stirling Cycle. To define the accuracy of a thermal camera measure the
Noise Equivalent Temperature Difference (NETD). For instance in the Figure below
the difference between a 60mK and 80mK camera is clear.
(a) NETD 60mK (b) NETD 80mK
Figure 8.9: Comparison of different NETD images.
The NETD obtained for the prototype at 300K is 25mK. Using the full frame acquisition
the camera can run at 50 FPS1, selecting a smaller window it can easily reach 500






8.3.5 Controls and data acquisition
Due to the fact that the scientific target is to characterize a PHP, the accuracy of the





peltier cells hot and cold sides;
1Frames Per Second
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internal PHP temperatures;
cold plate water in and outlet temperature;
 internal pressure of the PHP;
 power input.
In order to measure the temperatures 24 thermocouples type T are used; 4 PT100 are
placed coupled with a thermocouple in order to increase the accuracy and calibrate the
sensors. Two of the thermocouples are used to measure the inlet and outlet temperature
in the coldplate that, together to the mass flux measured by means of a magnetic
Siemens flow-meter, provide removed heat power. The internal pressure is acquired
by means of a miniaturized Kulite pressure transducer. As the Figure 8.10 show, the
sensor have a diameter of 2.4mm, and is 9.5mm long.
Figure 8.10: Kulite XCQ-093 1.7 bar A details
Figure 8.11: Amplification and protection circuit for power measurement
To acquire the power an amplification circuit, with optoinsolation, was designed
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Figure 8.12: Simplified diagram of the whole experiment.
and realized. The current measurement is made by means of a calibrated Shunt resistor
of 25 mΩ± 1%.






The purpose of this work was to review the scientific literature on the devices known
as PHP and to evaluate the state of the art with respect to experimental, theoretical
analysis, design methodologies and applications in different contexts.
The second part of the work report a series of results obtained both, on parabolic
flights, sounding rocket,and ground tests, with the aim of improving knowledge about
this device. The first tests are within the 61st ESA Parabolic Flight Campaign that
took place from 1 to 12 September 2014 and was conducted from Bordeaux-Me´rignac
airport in France. The test conducted in the sounding rocket is part of the ESA
program REXUS/BEXUS that led, after 2 years design, the launch of a rocket probe
from the arctic circle. The launch campaign took place from 8 to 21 March 2015
and was conducted from Kiruna in Sweden. The work refers to the experimental
part conducted in different periods from 2014 with the parabolic flight campaign and
design of PHOS ending with the writing of this thesis and the realization of the new
experimental apparatus.
The third part, instead, focuses on the design of the new test-rig.
Regarding the system of PHP, the analysis of the literature reveals a wide availability
of experimental data obtained in, however, not always comparable and homogeneous
conditions. In fact, the current knowledge of the devices unfortunately is often limited
to phenomenological analysis in which too many parameters and variables are changed
simultaneously.
Currently there is no clear and unambiguous design methodology. In general, once
identified the temperature range, it is possible to proceed to the choice of the fluid
and consequently to the material of the tubes. Then, comparing similar cases already
existing in literature, and based on specific flows, find a rough geometry. The computer
codes developed so far seem to predict with rather high errors (in the order of ±20%)
the operation of phps. Thus it is clear the need to investigate more thoroughly the
basic phenomenon.
The literature shows how such devices have a preferable target, which are the space
field (thus in the presence of micro-gravity), in which these are functional. It also
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shows how they are not suitable to be used to follow loads with rapid changes, they are
in fact more slow in activating compared to Wick Heat Pipe. However, in case of the
need to remove heat from large surfaces, or in the need to equilibrate the temperature
on the surface, these devices appear to be the most suitable.
The PHP like those tested in this work, as well the category called Hybrid Ther-
mosyphon or Space Pulsating Heat Pipe (SPHP), appear to be particularly promising
devices operating in micro-gravity environment, however, the analysis made so far
have not led to the evaluation of the actual operation in stationary conditions. The
platforms used so far are in fact limited to 21 seconds in the case of parabolic flights
and 120 seconds in the case of the REXUS sounding rocket.
The experience of parabolic flights and sounding rocket lead to highlight how this
device is able to operate both in micro-gravity and in hyper-gravity conditions (gravity
direction parallel to the channels). By registered trends, it can also be said, as in the
parabolic flights, that we can not reach a steady state. During the micro-gravity period
on board the sounding rocket, with the disadvantage of being able to do a single test,
it is possible to achieve an quasi-stationary condition.
To investigate the true potential of these devices is necessary to use a platform that
guarantees a greater duration of micro-gravity. To perform several tests, the ability to
manually operate the device is needed, like in the case of the parabolic flight. This
approach would only be feasible on the ISS.
It is therefore designed a new test-rig to be mounted on board the ISS as part of
the Thermal Platform project. The test-rig seeks to improve the points that seemed
lacking in previous experiences such as the accuracy of the temperature measurement,
the adjustability of the condensing temperature and the acquisition of the internal
temperatures. For this last purpose, it will be used a fast Medium Wave InfraRed
camera (MWIR), a sapphire channel, place in the adiabatic section and a compatible
fluid with the MWIR. The measurement precision is increased by use of thermocouples
joined by some control PT100. Thanks to the use of 8 Peltier cells and to a PID
controller, a condenser is designed to be able of maintaining a stable temperature with
a fluctuation in the order of tenths of kelvin.
In order to create a guideline for the choice of parameters to be tested, it would be
preferable to have a systematic analysis of the results already available in literature
and the creation of a truly usable database of results. As the are still too many possible
variables, it is recommended to perform a DOE trying to focus the variables with the
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table: fluid properties data
104















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.1 Heat and Mass transfer devices classification. . . . . . . . . . . . . . . 6
1.2 Heat pipe schematic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Heat pipe know limits. . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Heat Pipe examples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Thermosyphon schematic. . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.6 Results of the author bachelor thesis experimental analysis. . . . . . . 11
1.7 Flow regime in the uprising channel. . . . . . . . . . . . . . . . . . . . 12
1.8 CLTPT experimental setup. . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1 PHP patent, Akachi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Pulsating Heat Pipes schematic. . . . . . . . . . . . . . . . . . . . . . 17
2.3 Thermodynamics of a PHP. . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Liquid slug in a PHP. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5 Components of the resistance of a typical Heat pipe . . . . . . . . . . 20
2.6 Components of the resistance of a typical PHP . . . . . . . . . . . . . 20
3.1 Example of a Pulsating Heat Pipe schematic with asymmetric evapora-
tion section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 PHP Pressure-Enthalpy Diagram. . . . . . . . . . . . . . . . . . . . . . 25
3.3 Internal fluid equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4 An image and an interpretative diagram of a Taylor bubble of air . . . 28
3.5 Vapour plug shape that change meniscus shape during reverse flow
direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.6 Planar PHP Cross-section of Cai et al. . . . . . . . . . . . . . . . . . . 32
3.7 Comparison of the Khandekar correlation with the experimental data. 38
4.1 Various experiments related to geometric variable . . . . . . . . . . . . 40
4.2 Results from Charoensawan on diameter and number of turns. . . . . 41
4.3 Various experiments related to fluids properties . . . . . . . . . . . . . 43
4.4 Filling ratio influence analysis, Khandekar. . . . . . . . . . . . . . . . 44
106
LIST OF FIGURES 107
4.5 Filling ratio influence analysis, Yang. . . . . . . . . . . . . . . . . . . . 44
4.6 Effect of the asymmetry on the heat flux distribution . . . . . . . . . . 46
4.7 PHP in hyper-gravity proposed by Mameli et al. . . . . . . . . . . . . 46
4.8 Dobson scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.9 Comparison of experimentally determined thrust curve with the model,
(b) is the thrust for the first 5 s of (a) but on a larger time-scale, and
(c) is the thrust for the time period of 20 to 25 s of (a). . . . . . . . . 48
4.10 Dobson chaos theory evaluation . . . . . . . . . . . . . . . . . . . . . . 49
4.11 CFD model examples . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.12 One of the possible approach to the PHP design . . . . . . . . . . . . 52
5.1 Examples of conventional applications . . . . . . . . . . . . . . . . . . 54
5.2 Examples of non conventional applications . . . . . . . . . . . . . . . . 57
6.1 REXUS logo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.2 PHOS project logo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.3 Rocket assmbly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.4 PHP300 structure detail . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.5 n-Octadecane used as heat sink, design and simulation; . . . . . . . . . 66
6.6 PHOS experiment box. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.7 Section of the PHOS project assembly. . . . . . . . . . . . . . . . . . . 67
6.8 Small diameter PHP results during ground test. . . . . . . . . . . . . . 68
6.9 Big diameter PHP results during ground test. . . . . . . . . . . . . . . 69
6.10 Rexus 18 accelerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.11 Rexus 18 flight test results . . . . . . . . . . . . . . . . . . . . . . . . . 72
7.1 A300 flight path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
7.2 A300 flight path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.3 Experimental setup for a parabolic flight. . . . . . . . . . . . . . . . . 77
7.4 Asymmetric heat input displacement . . . . . . . . . . . . . . . . . . . 78
7.5 Ground tests results for both the configurations . . . . . . . . . . . . . 80
7.6 Evidences of the preferential circulation direction . . . . . . . . . . . . 81
7.7 Transition from the hyper-gravity period to the micro-gravity period:
slug/plug flow activation. . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.8 gx , gy, gz acceleration components and time evolution during parabolic
maneuvers in horizontal orientation: a) Layout and directions; b) gx
, gy, gz acceleration over time; c) effect on temperatures; d) effect on
fluid pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
8.1 ISS - gravity quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
LIST OF FIGURES 108
8.2 European Drawer Rack (EDR) . . . . . . . . . . . . . . . . . . . . . . 86
8.3 Section of the Space PHP for the ISS . . . . . . . . . . . . . . . . . . . 87
8.4 Ceramic heater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
8.5 ETH-127-14-11-S Peltier cell specifications . . . . . . . . . . . . . . . . 88
8.6 TEC-1123 Meerstetter Engineering TEC controller. . . . . . . . . . . . 89
8.7 Water chiller image and performance . . . . . . . . . . . . . . . . . . . 90
8.8 Peltier cells performance . . . . . . . . . . . . . . . . . . . . . . . . . . 90
8.9 Comparison of different NETD images. . . . . . . . . . . . . . . . . . . 91
8.10 Kulite XCQ-093 1.7 bar A details . . . . . . . . . . . . . . . . . . . . . 92
8.11 Amplification and protection circuit for power measurement . . . . . . 92
8.12 Experiment diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Bibliography
[1] H. Akachi. Structure of a heat pipe, 1990.
[2] G. Karimi and J.R. Culham. Review and assessment of pulsating heat pipe
mechanism for high heat flux electronic cooling.
[3] M. Shafii, A. Faghri, and Y. Zhang. Thermal modeling of unlooped and looped
pulsating heat pipes. ASME Journal of Heat Transfer, 123:1159–1171, 2001.
[4] M. Groll and S. Khandekar. Pulsating Heat Pipes: Progress and Prospects. In
Proc. International Conference on Energy and the Environment, Shanghai, China,
2003.
[5] S. Khandekar, P. Charoensawan, M. Groll, and P. Terdtoon. Closed loop pulsating
heat pipes part b: visualization and semi-empirical modeling. Applied Thermal
Engineering, 23:2021–2033, 2003.
[6] Y. Dobriansky. Concepts of self-acting circulation loops for downward heat transfer
(reverse thermosiphons). Energy Conversion and Management, 52:414–425, 2011.
[7] D. Reay, R. McGlen, and P. Kew. Heat Pipes (Sixth Edition): Theory, Design
and Applications, 2014.
[8] R. Manimaran, K. Palaniradja, N. Alagumurthi, and J. Hussain. Factors affecting
the thermal performance of a heat pipe - a review. Journal of Engineering Research
and Studies, III:20–24, 2012.
[9] A. Franco and S. Filippeschi. Experimental analysis of closed loop two phase
thermosyphon (cltpt) for energy systems. Experimental Thermal and Fluid Science,
51:302–311, 2013.
[10] D. Jafari, A. Franco, S. Filippeschi, and P. Di Marco. Two-phase closed ther-
mosyphons: A review of studies and solar applications. Renewable and Sustainable
Energy Reviews, 53:575 – 593, 2016.
109
BIBLIOGRAPHY 110
[11] D. Mangini, M. Mameli, D. Fioriti, L. Araneo, S. Filippeschi, and M. Marengo.
Hybrid pulsating heat pipe for space applications with non-uniform heating
patterns: Ground and microgravity experiments. Applied Thermal Engineering,
2017. 10 Jan 2017 - Accepted Manuscript.
[12] H. Yang, S. Khandekar, and M. Groll. Performance characteristics of pulsating heat
pipes as integral thermal spreaders. International Journal of Thermal Sciences,
48:815–824, 2009.
[13] C. S. Yang, C. Song, W. Shang, P. Tao, and T. Deng. Flexible heat pipes with
integrated bioinspired design. Progress in Natural Science: Materials International,
25:51–57, 2015.
[14] T. Harmathy. Velocity of large bubbles in media of infinite or restricted extent.
AIChE J., 6:281–288, 1960.
[15] E. White and R. Beardmore. The velocity of rise of single cylindrical air bubbles
through liquids contained in vertical tubes. Chem. Eng. Sci., 17:351–361, 1962.
[16] F. Bretherton. The motion of long bubbles in tubes. Journal of Fluid Mech.,
10:167–188, 1961.
[17] JO Hinze. Fundamentals of the hydrodynamic mechanism of splitting in dispersion
processes. AIChE Journal, 1955.
[18] J. Gu, M. Kawaji, and R. Futamata. Effects of gravity on the performance of
pulsating heat pipes. Journal of Thermophysics and Heat Transfer, 18:370–378,
2004.
[19] T. Harichian and S. Garimella. A comprehensive flow regime map for microchannel
flow boiling with quantitative transition criteria. International Journal of Heat
and Mass Transfer, 53, 2010.
[20] L. Ste´phane, A. Bensalem, Y. Bertin, V. Ayel, C. Romestant, and J. Bonjour.
Experimental evidences of distinct heat transfer regimes in pulsating heat pipes
(php). Applied Thermal Engineering, 51, 2010.
[21] Y. Zhang and A. Faghri. Advances and unsolved issues in pulsating heat pipes.
Heat Transfer Engineering, 29(1):20–44, 2008. cited By 144.
[22] Q. Cai, C.L. Chen, and J.F. Asfia. Operating characteristic investigations in
pulsating heat pipe. Journal of Heat Transfer ASME, 2006.
[23] M. Groll and S. Khandekar. State of the art on pulsating heat pipes. Proceedings
of the 2nd international conference on microchannels and mini-channels, New
York(USA), 2004.
BIBLIOGRAPHY 111
[24] J. Qu and H. Wu. Thermal performance of micro pulsating heat pipe. CIESC
Journal, 62(11):3046–3052, 2011.
[25] Q. Cai, C.L. Chen, and J.F. Asfia. Heat transfer enhancement of planar heat pipe
device. ASME International Mechanical Engineering Congress and Exposition,
2006.
[26] G. Swanepoel, A. Taylor, and R. Dobson. Theoretical modeling of pulsating heat
pipes. Proceedings of 6th International Heat Pipe Symposium, Chiang Mai, 2000.
[27] M. Shafii, A. Faghri, and Y. Zhang. Thermal modeling of unlooped and looped
pulsating heat pipes. J. Heat Transfer, 123:1159–1172, 2001.
[28] S. Maezawa, S. Nakajima, K. Gi, and H. Akachi. Experimental study on chaotic
behavior of thermohydraulic oscillation in oscillating thermosyphon. Heat Pipe
Technology(Proceedings of 5th International Heat Pipe Symposium), page 131–137,
1996.
[29] S. Khandekar, X. Cui, and M. Groll. Thermal performance modeling of pulsating
heat pipes by artificial neural network. Proceedings of 12th International Heat
Pipe Conference, Moscow, page 215–219, 2002.
[30] P. Charoensawan, S. Khandekar, N. Dollinger, and M. Groll. Closed loop pulsating
heat pipes part a: parametric experimental investigations. Applied Thermal
Engineering, 23:2009–2020, 2003.
[31] M. Arab, M. Soltanieh, and M.B. Shafii. Experimental investigation of extra-long
pulsating heat pipe application in solar water heaters. Experimental Thermal and
Fluid Science, 42, 2012.
[32] H.R. Deng, Y.M. Liu, R.F. Ma, D.Y. Han, Z.H. Gan, and J.M. Pfotenhauer.
Experimental investigation on a pulsating heat pipe with hydrogen. IOP Conf.
Series: Materials Science and Engineering, 101, 2015.
[33] J. Hu and J. Xu. Experimental study of pulsating heat pipe with mercury and
water as working fluid. Journal of Chemical Industry and Engineering (China),
59:1083–1090, 2008.
[34] Q. Cai, R. Chen, and C. L. Chen. An investigation of evaporation, boiling and
heat transport performance in pulsating heat pipe. Proc. ASME International
Mechanical Engineering Congress and Exposition, New Orleans, Louisiana, USA,,
2002.
BIBLIOGRAPHY 112
[35] S. Khandekar, N. Dollinger, and M. Groll. Understanding operational regimes
of closed loop pulsating heat pipes: an experimental study. Applied Thermal
Engineering, 23:707–719, 2003.
[36] H. Yang, S. Khandekar, and M. Groll. Operational limit of closed loop pulsating
heat pipes. Applied Thermal Engineering, 28:49–59, 2008.
[37] D. Mangini, M. Mameli, A. Georgoulas, L. Araneo, S. Filippeschi, and M. Marengo.
A pulsating heat pipe for space applications: Ground and microgravity experiments.
International Journal of Thermal Sciences, 95:53–63, 2015.
[38] G. Burmban, V. Ayel, A. Alexandre, P. Lagonotte, Y. Bertin, and C. Romestant.
Experimental investigation of a pulsating heat pipe for hybrid vehicle applications.
Applied Thermal Engineering, 50:94–103, 2013.
[39] R.T. Dobson. Theoretical and experimental modelling of an open oscillatory heat
pipe including gravity. International Journal of Thermal Sciences, 43:113–119,
2004.
[40] R.C. Givler and M.J. Martinez. Modeling of pulsating heat pipes. Sandia National
Laboratory, Albuquerque, NM, Report No. SAND2009-4520 (cit. on p. 32), 2009.
[41] S.Y. Nagwase and P.R. Pachghare. Experimetal and cfd analysis of closed loop
pulsating heat pipe with di-water. Energy Efficient Technologies for Sustainability,
2013.
[42] D.J. Kearney, O. Suleman, J. Griffin, and G Mavrakis. Thermal performance of
a pcb embedded pulsating heat pipe for power electronics applications. Applied
Thermal Engineering, 98:798–809, 2016.
[43] T. KATOH, G. XU, M. VOGEL, and S. NOVOTNY. New attempt of forced-air
cooling for high heat-flux applications. Inter Society Conference on Thermal
Phenomena, 2004.
[44] F. Creatini, G. Guidi, F. Belfi, G. Cicero, and D. Fioriti. Pulsating heat pipe only
for space (phos): Results of the rexus 18 sounding rocket campaign. Journal of
Physics: Conference Series, 655, 2015.
[45] V. Pletser, P. F. Migeotte, J. C. Legros, B. Deneyer, and R. Caron. The subor-
bital research association: Using suborbital platforms for scientific and student
experiments. Microgravity Sci. Technol., 28:529–544, 2016.
[46] D. Mangini, M. Mameli, A. Georgoulas, L. Araneo, S. Filippeschi, and M. Marengo.
A pulsating heat pipe for space applications: Ground and microgravity experiments.
International Journal of Thermal Sciences, 95:53–63, 2015. cited By 4.
BIBLIOGRAPHY 113
[47] A. Einstein and L. Szilard. Improvements relating to refrigerating apparatus.
Appl. U.K. Patent: 16 Dec. 1927; Priority: Germany, 16 Dec. 1926, 1928.
[48] A. Franco and S. Filippeschi. Closed loop two-phase thermosyphon of small
dimensions: a review of the experimental results. Microgravity Sci. Technol.,
24:165–179, 2012.
[49] Novespace. A300 Zero-G Rules and Guidelines, RG-2009-2, 7 April 2009.
